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THE LIGHT TERBIUM ISOTOPES 
A SURVEY OF HALF-LIVES AND »-RAY SPECTRA 
WITH THE USE OF MASS-SEPARATED SAMPLES 


K. S. Totu. S. M. H. JorGENSEN, O. B. Niecsen, O. SKILBREID and 
A. SVANHEDEN* 


Institute for Theoretical Physics, University of Copenhagen 


(Received 3 September 1959) 


Abstract—Gadolinium oxide was bombarded with 65 MeV protons to produce terbium nuclides 
Following a chemical separation the terbium fraction was mass separated. The different mass 
samples were studied for their half-lives -Ray spectra were taken in most cases. New information 
was found concerning y-rays of the extremely light isotopes, i.c Tb through Tb Tb was 
discovered for the first time in this research. The results obtained on the remaining isotopes are 
essentially in agreement with the data reported earlier and summarized in the most recent Table of 


Isotopes (April 1958) 


THE mass assignments of neutron-deficient isotopes are still uncertain for many 
elements. The light terbium nuclides provide a good illustration. In 1957, MIHELICH 
et al. first reported three new neutron-deficient terbium activities: Tb, Tb and 
"Th. After that time, there were still three isotopes with 149 4 159, 1.e., 
Tb, Tb and Tb, for which no half-lives had been reported. Torn ef a/., in 
some investigations to be published soon, found the “Tb half-life to be almost 
identical to that of *'Tb."®’ The present research was undertaken to isolate samples 
of each terbium isotope using an electromagnetic isotope separator, and in this way 
(1) to establish evidence supporting the reported terblum mass assignments and 
(2) to find the half-life of ’°Tb. The latter nuclide was indeed discovered. Its 
identification is the subject of a brief article." 


EXPERIMENTAL PROCEDURI 


Approximately 150 mg of gadolinium oxide were bombarded for 4 hr with 65 MeV protons 
accelerated in the Uppsala synchro-cyclotron. Most of the neutron-deficient terbium nuclides were 


produced, and a mass separation was performed in order to study the individual isotopes The 


isotope separator has been described earlier." A small portion (1-2 mg target was placed in 


the separator immediately after the material had been delivered (12 hr after the termination of the 
bombardment). A larger portion (50 mg) was first chemically purified using an 
> 


technique The terbium fraction thus obtained was then placed the mass separator 
manner, two sets of mass separated samples were prepared: the first samples are labelled “A”. and 


the second, the chemically purified samples, are labelled “B™ 


* Permanent address: The Gustaf Werner Institute for Nuclear Chemistry, University of Uppsala, 
Uppsala, Sweden 
W. Mineuicn, B. and T. H. Hanotey, Phys. Rev. 108, 989 (1957) 
Torn, K. T. Facer and J. O. Rasmussen, UCRL-8446: PA ke 185, 158 (1959) 
Torn, S. Byornnoim, M. H. JorGensen, O. B. and O. Sxirearem, Phys. Rev. To be 


Niecsen and O. Sxicareip, Nucl. Instr. 2, 15 (1958) 
THompson, B. G. Harvey, G. R. Cuoppr, and G. R. Searor J. Amer. Chem. Soc. 76, 6229 


4 
4 
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K. S. Toru et al 


The ion source of the isotope separator was operated, employing a technique especially applicable 
to separations of radioactive materials of high specific activity The method, to be described in 


more detail elsewhere, is characterized by converting the metal oxide to the corresponding volatile 
chloride in the ion source itself using carbon tetrachloride vapour. The reaction in the case of 


gadolinium oxide would be: 
2Gd,0, 


3CCl, 4GdCl, + 3CO + 140,. 


In the case of the A samples, the charging material used was the bombarded oxide. In preparing 
the B samples, the solution of terbium isotopes was evaporated to a few drops after the chemical 
separation and | mg of stable gadolinium was added. The solution was transferred to a Smm © 
quartz tube filled with quartz wool. The tube was heated and finally ignited to red heat in a Bunsen 


burner to evaporate the solution and burn off the organic eluent, leaving the gadolinium oxide 
finely dispersed on the quartz wool. The tube was then transferred to the ion source. The ions were 
collected on a thin aluminium plate. After the mass separation, the aluminium was discoloured in 


discrete strips corresponding to the different stable gadolinium isotopes. The thickness of the active 


layer is known from previous experience to be a few hundred g/cm? or less 
y-Spectra were obtained, using a 100-channel scintillation spectrometer with a 3 in. Nal(Tl) 
crystal as detector. The decay curves of each mass number were determined by counting the 


samples in a windowless flow-type proportional counter and in a single channel scintillation spec- 


trometer. The «-activity of the samples was also measured using the flow counter. Only mass 149 


showed a significant x-counting rate. Consequently, the decay curves, with the exception of this 


mass, were measured with the counter operated on the //-plateau. The single channel spectrometer 
was set so as to accept all +-rays corresponding to energies higher than 65 keV. The only exception 
y-rays over 450 keV in energy. 


to this was mass 150, where the bias was set to accept only 


EXPERIMENTAL RESULTS 


(1) General 

Fig. 1 shows the activity measured for samples A and B in the proportional 
counter on various days, plotted as a function of the mass number. A comparison 
of the plots for samples A and B reveals the effectiveness of the chemical purification 
carried out prior to the mass separation of the B samples. While, in the A series, 
mass 159 displays a high counting rate due to the presence of gadolinium 159, the 
activity of the same mass number in the B series has decreased by a factor of approxi- 
mately 50. The activity of mass 156 in each series is used as reference. 

Most of the terbium activity is seen to be distributed among isotopes with masses 
from 151 to 156. Such a distribution of activities is reasonable, considering the 
isotopic abundance of gadolinium, and the fact that at the bombarding energy 
(65 MeV) the most probable (p, xn) reaction will be (p, 4n), (p, 5n) and (p, 6n). The 
radioactivity of the B samples diminishes with time in accordance with the known 
terbium half-lives. The longer-lived Tb and Tb display a relatively higher 
counting rate than the shorter-lived ®'Tb, Tb, Tb, and Tb with the passage of 
time. 

One other point must be made. The two extreme masses shown in Fig. 1B, 144 
and 162, would not be expected to exhibit any activity since they could not be pro- 
duced in the bombardment. The activity present at these mass positions is due to a 
general smearing of the total activity during the mass separation.” This “smearout”’ 
activity was found in mass numbers 144, 148, 158 and 162, and had identical decay 
curves in each case. It is therefore assumed to be present at all mass numbers. In 
addition to this general “‘smear-out” activity, the finite mass resolution of the isotope 
separator has to be taken into account.’ Decay curve analyses revealed that, for a 


®) K. O. Nietsen, Proceedings of the Harwell Isotope Conference, Chap. 9 (1955). 
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A- Samples 


Min 


Channe! no 


y-Spectra of A samples 
recorded 1-5 hr 
separation (13-17 hr 
nation of cyciotre 
ment). Peaks that 
belong to terbium 
the masses indicate 
mass separation ts clearly 
monstrated. The isotope enrich- 
ment factor ts about thirty 
Detector: 3 3 in. Nal-crystal 
connected with a 100-channel 


lalyser 


50 Days 


150 160 Mass Number | 


ad 


Fic. 1.—Diagram of /)-activity vs. mass number. Part A represents the mass-separated 
samples of the proton bombarded gadolinium target. Part B represents the mass-separated 
terbium activities from the same target. 

Curves measured at various time intervals after the separation. The activities are 
measured with a windowless flow-type proportional counter operated on the )-plateau 
he counting rate as a function of mass number is correct only within a factor of two. The 

counting rate as a function of time, however, is accurate to 2 per cent 
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given mass number, 2-5 per cent of its activity was present in the two neighbouring 
isotopes. The presence of neighbours was particularly noticeable in those cases 
where the isotope of interest had low abundance, e.g., °'Tb contamination in mass 
150. Table | lists the half-lives determined from the decay curves after correction of 
all background effects. In almost all cases the corrected decay curves were linear over 


two or three decades. 
Fig. 2 is a series of y-ray spectra for *Tb through Tb, all taken at the same 


energy setting of the scintillation spectrometer. For a given spectrum, in Fig. 2 only 


TasLe | HALF-LIVES 


Weighted 
mean 


-Counter 


days 


* Flow counter operated at the x-plateau. In all other cases the counter was set on the //-plateau 
F 
~Counter biased to accept only »-rays of energy higher than 450 keV. In all other cases the bias corresponded to F 


those peaks that belong to the particular mass number are labelled with energies. 
The series of spectra illustrates the mass separation achieved. Several other y-ray 
spectra were obtained in addition to the ones shown. Table 2 gives a list of energies 


and relative intensities of the y-rays found. The intensities have been corrected for 


crystal efficiency, but not for internal conversion. 


(2) Individual isotopes 


We shall now discuss the individual samples with respect to their half-lives and the 
y-rays observed. 

‘Tb. This isotope has an z/E.C. branching ratio of about 10 per cent,'” so that 
z-particles emitted by the isotope were easily detectable. The z-decay curve yielded 
a single half-life of 4-10 — 0-05 hr, in excellent agreement with the adopted "Tb 
half-life. 

It was difficult to resolve a 4 hr half-life from the mass 149 decay curve taken at 
the -plateau, because the larger percentage of activ ity was due to the general “smear- 
out” mentioned above. A short half-life of the order of 5 hr could be resolved, pre- 
sumably representing "Tb. The ratio of z- to (x + /)-activity was found to be 
0-16 0-04. 

One y-ray can be assigned with certainty to the decay of “°Tb, viz., 160 keV. In 
addition, there are indications of possible y-rays belonging to '*Tb at about 125, 
350 and 400 keV. 

'°Tb. The mass 150 decay curves were found to contain, besides ™'Tb and the 


L. WinsperG (UCRL), Abstract for the American Physical Society Meeting, December (1958). 


4 
4 
Sample A Sample B 
Flow counter Counter Flow counter Vl 
410 O-OS* hr 410 0-05 hr 
Tb 30 he 3-2 0-2 her | O2 hr 
Tb 17 1 he 16°4 O8 he O-8 he 17°5 hr 
Tt 17-3 hr 18 1 he 17-¢ 0-4 hr 17-2 O-4 he 17-4 hr 
Tb 2-3 0-05 days 2°15 0-15 days 2°33 0-05 days 2°30 0-05 days 
O72 hr 4 her O72 her 
‘Tt 0-7 hr 21-2 he 21-0 0-5 hr 
Tb 5-4 days S4 0-2 days 
5-05 0-1 days 5°12 5-1 days 
157Tb 4 hr or 10 ver 
"Tb 4 hr or 10 vr 
“Gd 18-5 hr 18-5 OS hr 
65 ke\ 
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“smear-out” activity, a 3-1 hr + 0-2 half-life which was recognized as a new isotope, 
namely Tb. A lengthier discussion concerning this nuclide has already been 
published.“ Only three peaks could be assigned with certainty to “°Tb, viz. 510 
(annihilation radiation ?), 640 and 930 keV. 

From x-systematics in the rare-earth region, Tb is expected to be an x-emitter. 
Its x-decay energy should be approximately 3-7 MeV and its «/E.C. branching ratio 


TABLE 2.—-7-RAY ENERGIES AND RELATIVE INTENSITIES* 


SOLO 
keV (arb. units) pe 


Isotope 


(keV) (arb. units) 


(125) weak *Tb 1320 ~5 


160 (cont.) (1600) 
(350) (100) (1820) 
(400) weak (2380) 


Tb 510 100 
640 100 Tb 87-5 35 
930 35 110 40 
1082 90 170 
2123 100 
(250) weak 
100 
400 ~60 
1 440 ~50 eed 1 23 Due to the presence of 
° 480 ~80 and '*"Tb 180 two half-lives it is not 
4 600 100 248 possible to give any 
60 720 ~80 300 meaningful intensities 
870 ~40 347: 


1827 71+ 
Tb 1; 650 
344° 00 
410: ~ § aed | 85 100 
10 105 90 
770 ~ § 155 35 
960 ~ § 260 ~10 


1110 


The intensities are corrected for crystal efficiency, but not for internal conversion 
* Line known from conversion electron measurements to be double 
+ Energy accurately determined from conversion line measurements 


Should be between those of °Tb (0-1) and ™'Tb (10 *)."*' The present investigation 
did not reveal any z-activity that could be assigned to °Tb: limit: x/z ; 
5 «10-4, 

‘Tb. A half-life of 17-5 + 0-7 hr was found for this isotope. The following 
y-Tay peaks were assigned to the decay of ™'Tb: 108, 180, 252, 288. 400. 440. 480, 
600, 720 and 870 keV. The first four y-rays have been identified by means of their 
conversion electrons in some earlier works."-® The 180 keV peak is known to be 


" K. S. Torn and J. O. Rasmussen (UCRL). | npublished 
” K. S. Tou, Thesis, University of California (1958). 
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made up of two y-rays whose energies are, 180-1 and 192-0 keV. The remaining 
y-rays have been identified for the first time in this investigation. It is quite possible 
that some or all of the new y-rays are in reality double. 

y-7-Coincidence measurements were performed and, although numerous coinci- 
dence relations were found, the measurements could not be interpreted unambigu- 
ously and a decay scheme for *'Tb could not be established. 

'2Tb. The half-life of **Tb was found to be 17-4 +- 0-3 hr, 1.c., almost identical 
to that of ™'Tb. The following y-rays are assigned to the decay of **Tb: 271, 344, 


Peak energies in 


Channel no 
60 80 100 


High energy y-ray spectrum of !*Tb. 


410, 585, 770, 960, 1110 and 1320 keV. In addition, y-ray peaks were seen at approxi- 
mately 1600, 1820, 2380 and 2700 keV. All the "Tb y-ray transitions, with the 
exception of the 344 keV peak, have been identified for the first time. Fig. 3 shows 
the high energy “*Tb y-ray spectrum. A study of the decay of *Tb was performed, 


using a six-gap /-spectrometer and coincidence techniques. This study will be 
published separately.“® Part of the y-energies given above are taken from the 
conversion-line measurements (see footnote =, Table 2). 

'8Tb. A half-life of 2-30 +- 0-05 days was found for Tb. The y-ray peaks 
assigned to Tb were 87-5, 110, 170 and 212 keV. These transitions have been 
identified earlier by accurate conversion-electron studies.".*’ From the latter it is 
known that the 110 and 170 keV peaks each consist of two y-rays, viz. 102-3 and 
109-9 keV, and 170-6 and 174-5 keV, respectively. No new y-rays could be identified 
with certainty for this isotope, though there were indications of possible ones at 
250, 330 and 810 keV. 

'4Tb. Two half-lives were found for ™Tb, i.e., 8-5 +- 0-2 hr and 21-0 + 0°5 hr. 
The investigation thus confirms the existence of an isomeric state in ™*Tb, as pre- 
viously reported.’"") »-Rays observed were 123, 180, 248, 300, 347, 530, and 650 keV. 

55Tb. A half-life of 5-4 + 0-2 days was determined for ™Tb. y-Ray peaks were 
observed at 85, 105, 155, 260 and 360 keV. No higher energy y-rays could be assigned 
to Tb decay. 

6Tb. The half-life of **Tb was found to be 5-1 + 0-1 days. The presence of 
shorter-lived radiation was observed, but no precise resolution of this half-life was 
possible. The half-life seemed to be between 5 and 12 hr. The evidence thus supports 
the existence of an isomeric state in Tb. No y-ray spectrum was obtained for *Tb. 
K. S. Torn, O. B. Nrecsen and O. Sxi_preip, Nucl. Phys. To be published. 
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Masses 157 and 158. No half-lives were identified that could be assigned to either 
Tbh or 8Tb. The 5 days half-life of “*°Tb was seen in the decay curves of mass 157. 
y-Ray spectra also indicated that “Tb was present in this case. (The Tb y-rays are 
know n from an earlier work."*)) Rough limits can be put on the possible half-lives 
of masses 157 and 158. If one assumes the same counting efficiencies in the flow 
counter and the same production rates during the bombardment for the masses 153. 
156, 157 and 158, one arrives at upper and lower limits of 100-250 years and 2 hr, 
respectively. A more realistic statement would be i: =F, 4 hr or 10 years. 
Mass 159. The 18-5 +- 0-5 hr °Gd activity was seen at this mass number in the 
A samples. 
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Abstract—The mass yield curve for the fission of 2 "Np by 14-5 MeV neutrons has been determined. 
Also an absolute yield of 4-94 per cent for **Mo was measured and used to normalize the mass-vield 


curve. The shape of the curve is very similar to the 2°°| and ***U fission-vield curves with neutrons of 


the same energy. The chief difference is the smaller peak-to-trough ratio which for neptunium is 


approximately 4:4. Brief details of the separation schemes and counting methods are given 


His paper describes the determination of the yields of nineteen fission product chains 
in the fission of ™*Np by 14-5 MeV neutrons. This is the first fission yield curve to be 
published at any energy for neptunium. The distribution curve has the familiar 
double peak with a peak-to-trough ratio of approximately 4-4. This compares with 
6°4. 4-8 and 3-6 for the peak-to-trough ratio of “U5 and 2°Pu in fission by 14 MeV 
l 


neutrons. 


EXPERIMENTAL 


Preliminary purification of neptunium 


rhe neptunium oxide was known to contain about 0-05 per cent plutonium and practically no 


uranium. The plutonium contamination was reduced to a verv low level before irradiating by 


separating the neptunium and plutonium on an anion exchange resin. In 11 M hydrochloric acid 


containing 5 per cent hydriodic acid Np** and Np** are strongly absorbed on to anion exchanger 


whilst Pu** is not absorbed and is readily washed off the column rhe neptunium is readily removed 


with 4 M hydrochloric acid. The effluent is converted to neptunium nitrate and then decomposed 


at 800 C to leave pure neptunium dioxide 


Irradiations 


Samples of about 200 mg of pure neptunium dioxide were irradiated for 2 or 3 hr in a flux of 14-5 
MeV neutrons from the (D.T) reaction produced by bombarding a zirconium tritide target with 500 


keV deuterons 
Iwo methods of irradiation were employed. In the first, neptunium samples were irradiated close 


to the neutron source in a large (5 10° sec~' cm~*) but unmeasured neutron flux in order to measure 


various fission yields relative to that for “Mo. In the second, neptunium samples were placed in a 


known, but necessarily smaller, neutron flux in order to find the absolute fission yield of Mo The 


neutron flux was found by placing the samples in a known geometry with respect to the neutron 


source and determining the output of the source by counting the x-particles associated with the (D.T) 


reaction. A proportional counter subtending a small solid angle at the source and placed at an angle 


of 135° to the deutron beam direction. was used to count the 2z-particles 


Errors in the fission yields due to acti ation by low energy neutrons were negligible. In an earlier 


paper,’~’ it was concluded that the thermal and epithermal neutrons were less than 3 10-° per cent 
of the 14 MeV flux and that the neutrons of about 1-3 MeV were present to the extent of approxi- 
mately | per cent of the 14 MeV flux. These results are valid for this work as the same irradiation 


geometry was used 


4. W. Protopopov et a/.. Atomnayva Energiva 130 (1958) 
J. L. Perkin, L. P. O'Connor and R. F. CoLteman, Proc. Phys. Sox 72, 505 (1958). 
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The neptunium oxide samples were in the form of disks some 100 mg cm~? thick. To ensure the 
recovery of fission products escaping from the surface of the sample, aluminium catcher-foils were 


used to sandwich tne neptunium oxide. Neglect of this precaution could have caused an error of 
about 10 per cent in the determination of the absolute yield of Mo 


Chemical separation and purifications 


The fission products required in this investigation fell conveniently into two groups. One group 


containing the shorter lived activities was processed after standing for 2 hr. The other group stood 


TABLE | 


Np Sr, Ba, Y, R.E.s, Zr, Mo, Pd, Ag, Cd 


10M HC! 
Amberlite column 


effluent adsorbed 


Fraction 1. Sr, Ba, Y, R.E.s, Ag Np, Zr, Mo, Pd, Cd. 


6M HC! 


effluent adsorbed 


Fraction 2. Zr Np, Mo, Pd, Cd 


1M HC 


effluent adsorbed 


Fraction 3. Mo, Np Pd, Cd 


1 M NH,OH 


effluent 


Fraction 4. Pd, Cd 


for 24 hr to allow the percursors to decay before separating the desired fission products. The separa- 


oped for studying the fission of uranium 


tions used in this work were based on well tried schemes deve 


and plutonium at A.W.R.E. Only minor modifications were necessary to give satisfactory separations 


from neptunium and its daughter protoactinium 
The irradiated neptunium was added to | mg each of strontium, barium, yttrium, zirconium, 


molybdenum, palladium, silver, cadmium and rare earth carriers in aqua regia and evaporated to 


dryness. The residue was dissolved in 10 M hydrochloric acid and transferred to an Amberlite CG 


400 anion exchange column (particle size about 30 ~). The carriers were separated into four fractions 


as indicated in Table 1, using data obtained from Kraus and Moort 


® K. Kraus and F. Moore, Proceedings of the International Conference on the Peaceful Uses of Atomic 
Energy, Geneva, 1955, Vol. 7, p. 113. United Nations, New York (1956) 
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Fraction |. Silver was separated by diluting the solution with water to precipitate silver chloride. 


Purification of the silver was achieved by repeated sulphide and chloride precipitations followed by 


the reduction to silver metal with hydrazine. Yttrium and the rare earths were first separated as 


hydroxides and then the cerium was precipitated as ceric iodate. The remaining rare earths were 


TABLE 2 


Np, Ru, Rh, I, Sb, Te, Mo 


HNO, 


NaBrO, 


solution volatile 


Np, Rh, I, Sb, Te, 


NH,.OH 


CCl, 


aqueous 


Np, Rh, Sb, Te, Mo Fraction 5. 


x benzoin oxime 


solution precipitate 


Np, Rh, Sb, Te Mo Fraction 6. 


evaporate to dryness 


with HBr 


1M HC! 


H,S 


solution precipitate 


Np Rh, Sb, Te Fraction 7 


separated on a cation exchanger using x-hydroxy isobutvric acid as eluting agent. Strontium and 


barium were separated as carbonates, purified by precipitation from fuming nitric acid and then 


separated from each other on a zirconium tungstate column. The zirconium tungstate was prepared 
by the method of Kraus et al.” Strontium was eluted with ! M ammonium chloride and barium 
with 3 M ammonium chloride 


” K. Kraus, T. A. CARLSON and J. S. Jounson, Nature. Lond 177, 1128 (1956). 
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Fraction 2. Zirconium was scavenged with neodymium from a fluoride soluti ind then 
precipitated as barium fluozirconate. The zirconium was extracted { 1 6 M hydrochloric acid by 
thenoyl trifluoroacetone in benzene and then back extracted into fluor le solution 

Fraction 3 Molybdenum was separated from neptunium by precipitation with x-benzoin oxime 
and further purified by scavenging with neodymium hydroxide and oxime precipitations 


Fraction 4. The cadmium and palladium sulphides were precipit 1 and then cadmium sulphide 
was dissolved in 2 M hydrochloric acid leaving palladium unattacked. Cadmium was purified by 
Scavenging with antimony sulphide from 2 M hydrochloric acid and then diluting to prec pitate 
cadmium. Palladium was purified by extracting the x-furildioxime c picx into chloroform 

In the second separation scheme the irradiated neptunium was ad to | mg of rh m, iodine, 
antimony, tellurium and molybdenum carriers. The solution was warmed with sodium bromate to 
oxidize the iodine to iodate and also to oxidize ruthenium w hich utilized off. The solution was 
then reduced with hydroxylamine 

Fraction 5. The iodine was purified by repeated carbon tetrachloride extraction cycles 


Fraction 6. The molybdenum was purified as in fraction 3 


Fraction 7. Tellurium sulphide was precipitated from 9M hydrochloric acid/2M pyridine 


solution leaving rhodium and antimony in solution. On reducing the cidity to 2 M the antimony 


precipitated and on warming the solution rhodium sulphide came d 


The tellurium was further purified by scavenging with neodymium hydroxide and then precipi- 


tating elementary tellurium with sulphur dioxide. The antimony was p hed by extracting antimony 


pentachloride from 7 M hydrochloric acid into iso propyl ether. The lium fraction was scavenged 


with silver chloride, adsorbed on an anion exchange column from 0+! hydrochloric acid, and then 


eluted with 6 M acid 


The final purified solutions of these fission products was divided into two portions. One portion 


was transferred to a thin plastic foil (20 « ¢ cm~*) for counting and tt cond portion was used for 
> 


the chemical yield determination using the methods of HERRINGTON and Monx 


Counting procedure 


Each fission product was counted in a 4x proportional counter for a sufficient time to determine 


the purity of the nuclide separated. The sources were sufficiently t make the errors due to the 


roar 


absorption and scattering of -particles very small. In the case of about half the nuclides separated 


the growth of the activity of a daughter had to be taken into account. To do th 


concerning decay schemes and branching ratios were taken from the compilations of STROMINGER 


Ss the necessary data 


et al.” and Katcort 


RESUI 


The fission yields given in Table 3 and I ig. | were measured relative to the yield 
of **Mo. Each yield is the mean of three independent determinations from different 
irradiations and the error quoted represents the total spread of the individual 
results. The yields and errors are normalized to a value of 4-94 per cent for **Mo. 


rs 


Absolute yield for **Mo 


The absolute yield of **Mo was determined in two different wavs. In the first, 
neptunium samples were irradiated in known neutron fluxes as already described. 
The results of these experiments together with the best available value for the fission 
cross-section enabled the absolute yield of "Mo to be calculated. A fission cross- 
section of 2-4 -+- 0-2 barns for 14-6 MeV neutrons has been reported by Protopopov 
et al.’*) and one of 2-5 + 0-07 barns for 14-0 MeV neutrons has been measured by 


J. HERRINGTON and R. G. Monx, UKAEA Report AWRE 0-39/56 
* D. Stromincer, J. M. HOLLANDER and G. T. SeasorG. Rev. Mod Phys. 30, 585 (1958) 
S. Katcorr, Nucleonics No. 4, 16, 78 (1958). 
A. N. Protopopov, Iu. A. Serrsku and S. M. Sotov’tv, Atomnava Ener 1 4, 190 (1958) 
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Mass 
Element Fission vield 


number 


0-25 
0-25 
0-49 


9] 
93 


97 


4 
+ — 


99 
105 
109 
112 
111 
115 


127 


> w 


~ 


0:20 
0-25 
0-05 
0-05 
0-05* 
0-15 
0-74 
0-59 
0-35 
89 0-35 
143 0-74 
147 73 + 0-25 
Sm 153 0-32 + 0-025 
Eu 157 0-094 — 0-030 
Gd 159 0-069 0-030 


132 


2 
4 
131 3 
4 
4 


+ 


wat 


139 
140 


* A 10 per cent correction has been made to this yield to 
take into account the yield of '°"Cd 


Moss number 


Fic. 1.—The mass-yield curve for the fission of *7Np with 14-5 MeV neutrons. 


Experimental point. Mirror image point. 
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Moat.” The more precise value at the slightly lower neutron energy was used in 
the present calculation. 

In the second method the relative mass yield curve was normalized to a total 
yield of 200 per cent. In order to draw a smooth and symmetrical curve, mirror 
image points were calculated and to do this a knowledge of the average number of 
neutrons emitted per fission, 7, was required. Mirror image points based on a value 
of * ~ 45 gave the best fit to a symmetrical curve through the experimental points. 
The precision of this method of determining * was in this particular instance no 
greater than +-15 per cent. The value of the absolute yield of **Mo calculated from 
the mass-yield curve was however very insensitive to this uncertainty in #. It is of 
interest to note that from the systematics of the variation of 7 for spontaneous fission 
with atomic weight and the variation of # with excitation energy, both of which are 
approximately linear, (FRASER) a value of approximately 4-7 for # can be predicted. 
The drawing of a smooth curve through the experimental points ignores the possibility 
of fine structure in the fission yield curve. There is insufficient experimental evidence 
to indicate the presence or otherwise of fine structure. 

The results from the absolute yield determinations from these two methods are 
given as follows: 

Per cent absolute yield of **Mo (absolute neutron flux determination) 4-97 0-2* 
(mass yield curve determination) 4-90 — 0-2 
Mean value 4-94 -- (0-2 


CONCLUSION 

In general the mass-yield curve found for neptunium is similar to those of 25 
and ***U and **Pu for the same neutron energy. The chief difference is the different 
peak-to-trough ratio which for neptunium is approximately 4-4. 


* The error quoted here includes that of the fission cross section assumed in the calculation 


'*) A. Moar, J. Nucl. Energy To be published 
9) J. S. Fraser, Atomic Energy of Canada Ltd Report CRP-642-A, p. 239 (1956). 
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Abstract—The lattice energies and enthalpies of hydration of a number of monovalent and divalent 
cyanides have been calculated. The free energies of solution of these compounds, AG,’, and the 
free energies of hydration, AG,°, for the corresponding ions have been evaluated. 


RECENTLY the free energies of solution of a number of monovalent and divalent 
metallic halides” and monovalent nitrates have been calculated. In this paper the 
calculations are extended to a series of metallic cyanides. The relevant thermodynamic 
relationships are: 


AG. AH, TAS, 
AH, — 7(3S, $,°) (1) 


where AG,”, AH,” and AS,° are the standard molar free energy, enthalpy and entropy 
of solution respectively. =S,° is the sum of the “absolute” partial gram-ionic entropies 
of the hydrated ions, and may be calculated as previously described from the relative 
entropies of LATiMeR™); S;,° is the molar entropy of the lattice which is also listed by 
LaTIMER. Throughout this paper 7” refers to the temperature 298-16°K; the enthalpy 
and free energy terms, and TAS,’, are in kcal/mole, and entropies are in cal/mole 
degree. 

In Table | the free energies of some cyanides are listed; these have been calculated 
from the enthalpies and entropies reported in the literature.) 


TABLE | 


FREE ENERGIES OF SOLUTION OF SOME CYANIDES 


\H 23 S TAS, AG, 


2:8 2 
Ca(CN), 13-5 43-2 21-3 6°5 20-0 


Ba(CN), 28 53-4 25-7 8-3 
Cd(CN), 8-7 41-8 24-9 5-0 13-7 


He(CN), 3-6 51-0 27-4 7-0 3-4 


The values of AG,” for sodium, potassium and calcium cyanides are in general 
agreement with those to be expected from their known solubilities; this correspond- 
ence is not obtained, however, with the cyanides of barium and cadmium. In the case 


') M. F. C. Lapp and W. H. Ler, Trans. Faraday Soc. $4, 35 (1958) 

*) M. F. C. Lapp and W. H. Leer, J. /norg. Nucl. Chem. 13, 218 (1960). 

3) W. M. Latimer, Oxidation Potentials. Prentice Hall, N.J. (1956) 

© F. D. Rossini, D. D. WAGMAN, W. H. Evans, S. Levine and I. Jarre, N. B.S. Circ. No. 500 (1952) 
E. LANGe and W. Martin, Z. Phys. Chem. A 180, 233 (1937) 
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of cadmium, this might be related to its known tendency to form complex ions in 
solution; it was considered advisable to calculate the enthalpies of solution, in these 
cases, and we have included in this calculation the cyanides of zinc and silver, for 
which experimental enthalpies of solution are not available. 

The calculation of AH. involved the following stages: 

1. The lattice energy and enthalpy of potassium cyanide were calculated by means 
of the equation previously formulated :" 


N [Ae C (6p 


U(r») 


6 


To lo ‘lo 


D {8 9 hy, 
4 J 


(Ae*/r, + + 8D/r,%) 
+ 2Ae*/ro + + 72D/r,°) 


in which — 
ro 


Potassium cyanide was chosen because the following accurate structural data were 


available: 
Equilibrium interionic distance, r,, = 2-64 A. 
Compressibility, = 5-92 » 10-™ reciprocal barye.'? 
400 x erg cm®/molecule, D = 500 10-** erg cm*/molecule; these 
coefficients have been estimated from a consideration of ionic polarizabilities.‘* 


col /mole - deg 


Fic. 1.—Interpolation for the determination of the zero-point energy of potassium cyanide 


The lattice energy U(rg) of potassium cyanide so calculated was —161 kcal/mole, from 
which the lattice enthalpy AH, 162 kcal/mole. The zero-point energy term in 
equation (2) was evaluated by a procedure due to WADDINGTON”; in Fig. 1, the 


‘*) Index of X-ray Diffraction Data, A.S.T.M. (1958). 

”) P. BRIDGMAN, Proc. Amer. Acad. Arts Sci. 76, 71 (1948). 

‘*) J. R. TessMan, A. H. KAHN and W. SHock.ey, Phys. Rev. 92, 890 (1953). 
T. C. WappInGoTon, Thesis, ambridge (1955). 
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zero-point energies of the potassium halides have been plotted against their lattice 
entropies (S;), and the zero-point energy for potassium cyanide was obtained by 
interpolation, taking the lattice entropy as 16-4 (Table 1). 

2. The value of AH, so obtained was used in the modified Born—Haber cycle 


represented by equation (3) to obtain the composite term AH,°(CN°-),,,, which 
corresponds to the enthalpy of formation of the gaseous cyanide ion: 
AH, AH, — — AH, (3) 


The significance of these terms, and the sources of data, have been considered pre- 
viously." The value obtained was: AH,°(CN 7 13 keal/g-ion. Taking the 
value of AH, (CN)... as 94 kcal/mole,"” the electron affinity of the CN radical, 
E(CN) 81 keal. 

3. From this value for \H,(CN~),,, and other appropriate thermodynamic 
data, the lattice energies of the remaining cyanides were calculated from equation 
(3), and are listed in Table 2. 


TABLE 2.—LATTICE ENERGIES AND ENTHALPIES OF SOME CYANIDES 


AU’ [=Ut,)) AH AU; AH,’ 


NaCN 178 179 Ba(CN), 479 481 
KCN 161 162 Zn(CN) 667 669 
AgCN 221 222 Cd(CN) 609 611 
Ca(CN), §29 531 He(CN) 649 651 


The lattice energies of the alkali-metal cyanides have been calculated previously ; 
the results are summarized in Table 3. The results of SHERMAN"? were obtained by 


TABLE 3 CALCULATED LATTICE ENERGIES OF ALKALI-METAL CYANIDES 


WADDINGTON 


SHERMAN (i) (ii) Y ATSIMIRSKII Present work 
LiCN 192 
NaCN 169 174 170 179 178 
KCN 155 158 157 162 161 
RbCN 149 | 150 155 
CsCN 14] 139 142 149 


the application of the Born—Landé equation. However, the values for the repulsion 
exponent n, which depend upon the compressibility, must be empirical, since com- 
pressibilities are reported only for potassium cyanide. 

WADDINGTON’S two sets of values are obtained (i) using the simple Born—Mayer 
treatment, and (ii) using HUGGINS’s equation, taking p = 0-345 in each case, as did 
HuGGIns for the alkali halides. We find the value p = 0-317 for potassium cyanide, 
1) M. F. C. Lapp and W. H. Ler. J Inorg. Nucl. Chem. 11, 264 (1959) 
am L. Brewer, L. K. Tempceton and F. J. Jenxins, J. Amer. Chem. Soc. 73, 1462 (1951) 

*2) J. SHERMAN, Chem. Rev. 61, 93 (1932) 


3) T. C. WADDINGTON, in Advances in Inorganic Chemistry and Radiochemistry (Edited by H. J. Emecéus 
and A. G. SHarpe) p. 197. Academic Press, New York (1959) 
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and in general p is not a constant even in the relatively more simple alkali halides, as 
the following values show: 


LiCl NaCl RbCl CsCl KF KCl KI 


p = 0345 0-332 0-333 0-313 0-311 0-342 0-355 0-373 


We find it difficult to understand WADDINGTON’s values, since in our experience 
neglecting the London dispersion energy results in a more positive value for the 
lattice energy, which is true here only of cesium cyanide 

results agree with ours, and indeed the value for AH, (CN>)... 
deduced from his lattice energies 1s also 13 kcal/g-ion. To some extent this agreement 


is fortuitous, since his lattice energies are derived from KAPUSTINSKII's formula," 


and the “thermochemical radius” of the cyanide ion. The latter quantity is dependent 
for its evaluation also upon the KAPUSTINSKII equation, and thus the general objections 
to the latter." apply equally here. Yarsimirsku’s thermochemical radius for the 
cyanide ion is 1-82 A, whereas the effective radius in the “rock salt” structures is 1-94 


A, and the additiy ity of this and the Pauling cationic radii is well upheld in potassium, 
rubidium and cesium cyanides. It is clear that the reduction of an r, value from 


1-96 A to 1-82 A has. in the case of sodium and potassium cyanides, about the same 
effect as the application of the more complete equation. 


4. The lattice energies and enthalpies of solution of the silver and thallium 


halides and of some divalent halides were combined with the experimentally determined 
free energies of hydration of the halide ions"® in order to obtain the free energies and 


enthalpies of hydration of the cations. The results obtained from this procedure are 
listed in Table 4. 

5. From the experimentally determined free energies of hydration of the sodium 
and potassium ions,"® the value calculated above for the calcium ion, and the 
enthalpies of solution of their cyanides, the enthalpy of hydration of the cyanide ion 
was obtained. Table § lists these results. 


Mean values: 


AH,°(CN-) 72:8 keal/g-ion. 


AG, (CN-) 68-3 kcal/g-ion. 


Anomalous results were obtained for mercuric cyanide; these are discussed later. 
6. The sum of the enthalpies of hydration of the cyanide ion and of a cation 
M”* is the enthalpy of hydration of the cyanide, AH,°(MCN); this was calculated 
for each compound. Hence from equation (1), and the relationship: AH AH, 
AH,”, the enthalpies and free energies of solution of these cyanides were deter- 
mined. The calculation of AH. by this method is permissible only if the enthalpy 
of formation of the crystalline cyanide is known independently of its enthalpy of 
solution, which is the case for the cyanides of silver, barium, zinc and cadmium “7.18.1 
The data are recorded in Table 6. 


) K. B. Yatsimirsku, Jzv. Akad. Nauk SSSR. Otdel Khim. Nauk 453 (1947), 

) A. F. KApustinskil, Quart. Rev. Chem. Sox 10, 283 (1956) 

6) J. E. B. RANDLEs, Trans. Faraday Sox §2, 1573 (1956) 

17) J. THOMSEN, Thermochemische Untersu hungen. J. A. Barth, Leipzig (1882-3). 
(15) A. Joannis, Ann. Chim. Phys 26, 482 (1882) 

”) H. H. Franck and H. BANK, Z. Elektrochem 40, 699 (1934) 
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TABLE 4.—-THE FREE ENERGIES AND ENTHALPIES OF HYDRATION OF SOME CATIONS 


AH, (MX) AH, (MX) AH,°(MX) AH, —AH,°(M*) AG,°(M*) 


AoF 227 4-9 231-9 108-6 123-3 115-3 
AoC! 215 15-9 199-1 76-1 123-0 114-8 
AoBr 212 201 191-9 69-2 122-7 114-5 
Aol 209 26-7 183-3 60-2 123-1 114-9 


123 


Mean 


761 87-5 
TIBr 170 13-7 156°3 69-2 87-1 82:0 
60-2 


Mean 


CaF, 621 3-2 618 217-2 401 384 
CaCl, 533 19-8 553 152-2 401 384 
CaBr 512 26°3 538 138-4 400 383 
Cal, 7 120-4 


Mean 


217-2 
BaCl, 494 3-1 497 152-2 345 331 
BaBr, 477 61 483 138-4 345 331 
120-4 


Mean 345 331 


ZnCl, 643 17-1 660 152-2 S08 486 
ZnBr, 630 16-1 646 138-4 
Zni, 613 13-2 626 120-4 


THE ENTHAI PY, ENTROPY AND FREE ENERGY OF HYDRATION 
OF THE CYANIDE ION 


TABLE §. 


AH. AH, AG,°(M*) | —AH,°(M*) |—AH,(CN-)| AS,°(CN-)"| — AG,°(CN>) 


106-0 2 
KCN 2.8: 159.2 80.6 85.9 73.3 15.2 68.8 
Ca(CN), 13-5 545 383 400 72:5 15-2 


18 
|_| 115 
87 82 
400 383 
Vol. 
14 
1960 
Mean 507 485 
CdF, 659 8-7 668 217-2 451 431 " 
CdCl, $99 44 603 152-2 451 431 
CdBr, 590 0-7 59] 138-4 453 433 
Cdl, 574 1-3 573 120-4 453 433 
Mean 452 432 
HeCl, 624 3-2 621 152-2 469 461 
HgBr, 618 3-4 615 138-4 477 469 
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TABLE 6.—THE ENTHALPIES AND FREE ENERGIES OF SOLUTION OF 
SILVER, BARIUM, ZINC AND CADMIUM CYANIDES 


AH AH, AH, =S .) TAS AG, 
AgCN 222 196 26 45-9 20-0 77 18-3 
Ba(CN), 481 491 10 59-4 25-7 10-0 20-0 
Zn(CN), 669 653 16 30-9 22-9 2:4 13-6 


Cd(CN), 611 598 13 41-8 24-9 5-0 8-0 


TABLE 7.—AN ATTEMPTED EVALUATION oF AH, (Hg**) 


AH AH AH, 23H, AH, (Hg**) 


HeCl, 624 3-2 621 152-2 469 
HeBr, 618 3-4 615 138-0 477 
Hg(CN), 651 3-6 647 146.0 $01 


DISCUSSION 

AG,’ is seen to give a good account of the variations in solubility within this series. 
Thus, the value calculated from AG,.° for the molar solubility of silver cyanide is 
2-0 10-* in good agreement with the value 2:1 10°? determined potentio- 
metrically." Again, the value of AG,° for cadmium cyanide recorded in Table § is in 
accordance with its known low solubility.» 

The values obtained for the enthalpy and free energy of hydration of the cyanide 
ion from mercuric cyanide (—90-8 and — 67-8 kcal g-10n respectively) are at variance 
with the values recorded in Table 5. The mercuric ion in combination with the 
chloride, bromide or cyanide ions does not show a constant hydration enthalpy at 
infinite dilution, as Table 7 shows, It seems clear that this departure from additivity 
is related to the non-electrolyte character of these compounds in solution, and 
considerable doubt arises with regard to the general applicability of the quantities 
A4H,(Hg** aq.) and S$,°(Hg** aq.) to solutions of mercuric compounds. Thus there 
is some uncertainty in the value of AG,” for Hg(CN), listed in Table 1, although from 
its known solubility" it appears to be not unreasonable. 

It is of interest to compare the cyanides of certain cations with the corresponding 
chlorides and bromides. Considering the sodium and potassium salts, AH,° and S,° 
are similar for both series, and the lower AG.° of the cyanides, leading to increased 
solubility, reflects the greater entropy of the aqueous cyanide ion 


TAS.“(CN-) TAS (CI-) 5 kcal/g-ion and 

TAS (CN-) TAS. (Br-) = 4 kcal g-ion. 
The free rotation of the cyanide ion,'**) which confers spherical sy mmetry upon it in 
these compounds, is presumably maintained in solution, so that the increased entropy 


of solution must arise from the greater structure-breaking effect of this ion, as compared 
with the halide ions, upon water. 
K. Masaki. Bu Chem. Soc. Japan 5. 345 (1930) 


' A. Semper, Solubility of Inorganic Compounds. Van Nostrand, New York (1952) 
R. C. Evans, Crystal Chemistry. € ambridge (1948) 
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With the silver salts the increased lattice energy of the cyanide, due to its larger 
homopolar component, counteracts this entropy difference, and the cyanide is less 
soluble than the chloride or bromide. The lower solubilities of zinc and cadmium 
cyanides are similarly explained. These are yet further examples of the increased 
stability of crystal lattices in which the cation is of the “non inert gas”’ type. 

It may be noted that the positive values of \H, (cryst) for silver cyanide (+ 34-9), 
zinc cyanide (+-18-4), cadmium cyanide (--39-0) and mercuric cyanide (+ 62-0) show 
that these compounds are thermodynamically unstable with regard to formation from 
their elements. However, because of the lower energy state of the crystal with respect 
to the aqueous ions (for example; AG,” AgCN 18-3 kcal/mole) these solids may 
be prepared by precipitation. 
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FLUOROSULPHONIC ACID—III 


THE HEATS OF FORMATION OF THE ANHYDROUS AND 
AQUEOUS ACIDS 


A. A. Woo.t 
Associated Electrical Industries Ltd.. Aldermaston ( ourt, 
Aldermaston, Berks 


(Received 14 August 1959) 


Abstract—The heat of formation of anhydrous fluorosulphonic acid, determined by mixing solutions 
of hydrogen fluoride and sulphur trioxide in fluorosulphonic acid, was 184 1-2 kcal. The heat 


of formation of the aqueous acid, from the heat of hydrolysis, was 5-9 kcal greater. Some heats of 
reaction involving sulphur trioxide are compared. The reported heat of formation of chlorosulphonic 
acid is incompatible with the above heats of reaction 


THe heat of formation of fluorosulphonic acid has not been recorded. It is of interest 
for comparison with related solvents and because of its potential use for solution 
calorimetry. 


A value cannot be obtained from the heat of hydrolysis because two hydrolytic 
reactions occur simultaneously.'! 


HSO,F + H,O = H,O° + 
HSO,F + 4H,O = 3H,O* + SO2- (2) 


The heats of formation of anhydrous and aqueous fluorosulphonic acids cannot 


be calculated from the single heat of reaction. Thus a reaction involving fluoro- 


sulphonic acid needs to be measured under anhydrous conditions. 


The first reaction tried was the replacement of chlorine in chlorosulphonic acid 


with anhydrous hydrogen fluoride, but this was difficult to complete. 


[he second reaction was the formation of fluorosulphonic acid from anhvdrous 


hydrogen fluoride and a solution of sulphur trioxide in fluorosulphonic acid. This 


‘g method was also unsuitable because of the difficulties in controlling the flow of 
hydrogen fluoride and cooling losses by evaporation of solution. 

a The method finally adopted was to mix solutions of hydrogen fluoride in fluoro- 
q sulphonic acid with solutions of excess sulphur trioxide in the same solvent. A 
4 

q Pyrex glass calorimeter could be used to measure this heat of reaction and the heat 
_ of solution of sulphur trioxide in fluorosulphonic acid. The heat of formation of the 
a aqueous acid could then be found by deducting the heat due to reaction (2) from 
the total heat of hydrolysis. 

4 EXPERIMENTAL DETAILS AND RESULTS 

- All heats of reaction were measured at 25°C. 

a 

Heat of reaction of HF with HSO,C1 

7 HSO,Cl (1-5-4 g) in a platinum tube (1-5 cm diameter, 20 cm leneth) was immersed 


in 500 ml of water contained in a Dewar vessel fitted with a Beckmann thermometer. 


" A. A. Woorr, J. Chem. So 2840 (1954), 
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Hydrogen fluoride was condensed into a polythene test tube and passed by means of a 
dry air stream through a steel spiral in the thermostat (25-0 +- 0-05") into the platinum 
tube until no further temperature rise was observed (20-60 min). A residue analysed 
after 20 min passage of hydrogen fluoride contained 6 per cent of the initial chlorine 
either as unchanged HSO,CI or HCI in solution. Hydrogen fluoride was also retained 
in solution unless the air passage was prolonged. The mean heat of reaction per mole 
of HSO.,CI was 9-5 kcal. 


Heat of reaction of SO. in HSO,F with excess HF 

HF was passed through HSO,F till saturation and then into a solution of SO, 
(1-6 g) in HSO,F (3-2 g) in the platinum tube for 10 min. The residue contained 
a large excess of HF (2:1 g) over that required for reaction with SO,. The heat evolved 
was 14-0, kcal/mole of SO. 


Heat of reaction of HF with excess SQ, 

The SO, solutions were prepared by distilling SO, from 40 per cent oleum into 
HSO,F and weighing the receiver before and after. The HF solutions were made 
similarly by passing HF from a cylinder into a platinum bottle containing HSO,F. 
To avoid loss of HSO,F the HF was initially passed through a saturated solution 
of HF in HSO,F. The composition of some HF solutions was checked by analyses 
for fluorine. The analytical values were within 2 per cent of the values found by 
direct weighing. The latter were taken as the more reliable in view of the difficulties 


in analysis. 

The “Pyrex” glass calorimeter was designed for 60 ml of liquid. It consisted ofa 
Dewar vessel the open end of which was a B50 cone. The head was made from a 
B50 socket fitted with a central stirrer, which rotated on a ground glass bearing 
surface, and three symmetrically and radially placed B10 sockets. Through two of 
the sockets were fitted glass pockets for a heater and thermistor. The third was 
reserved for addition of reactants. The temperature change was followed with the 
thermistor (resistance 1,576-0 2 at 25°C). The smallest heat change was equivalent 
to a 50 £2 change in resistance. The HF solution was added from a tapless weight 
pipette. The surfaces exposed to HF were of polythene. The pipette was filled with 
the solution above 25°. With care, spillage of solution could be avoided without the 
presence of a tap. The weight pipette and contents were allowed to attain 25° in the 
thermostat before fitting to the calorimeter head. The water equivalent of the calor- 
imeter was found by applying 6 V to a resistance (14-65 2) for periods of from 3-10 
min. An averaged value per gramme of solution from fourteen runs was used to 


obtain the values given in Table 1. 


Heat of solution of SO, in HSO,t 


The SO, was distilled into a special ampoule which could be inserted in the 


calorimeter head and the thin-walled end pierced in situ. 


Heat of hydrolysis 

Thin walled glass bulbs containing HSO,F were broken under 500 ml of water 
in the simple Dewar flask calorimeter. The hydrolysate was analysed immediately by 
titration in the cold with standard alkali. The fraction hydrolysed according to 
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TABLE 1.—HEAT OF REACTION OF HF ANp Excess SO, in HSO,F so.urion 


Initial solution Solution added Final ratio Heat evolved 
(g) (g) (M) mole HSO,F 
formed. 
(kcal) 
HSO,F SO, HI HSO,I HSO,F/SO, 
97-6 7:69 0-208 4-41 11-39 12-9 
96-4 6°43 0-417 3-44 16-21 13-7 
101-6 5:24 0:361 2-25 16°94 12-9 
100-4 8-05 0-387 3-66 12:36 14-0 
*106-0 7-50 0-559 5-29 16-11 13-7 


* The final composition of this solution was checked by analysis for fluorine (Found 25-8 per cent; 


calc. 26-2 per cent) 
TABLE 2.—HEAT OF SOLUTION oF SO, In HSO,I 
HSO,F SO, HSO,F/SO, Heat evolved/mole SO, 
(g) (g) (M) (kcal) 
103-3 2-104 39-3 1-35 
103-3 1-483 55-9 1-4] 
TABLE 3.—HEAT OF HYDROLYSIS OF HSO.F 
H,O HSO,F Fraction H,O/HE Heat evolved/mole 
(g) (g) hydrolysed (M) HSO,F (kcal) 
498 2-064 0-490 2:760 2 
489 2-313 0-519 2-307 25:2 
499 1-395 0-418 4-780 21-8 


equation (2) is(3R — 1)/2 where R is the ratio of the titre obtained to the titre expected 
for complete hydrolysis. It has been shown previously that Pyrex glass can be used 
for dilute acid solutions containing hydrofluoric acid. (2) 

All the auxiliary heats of formation are taken from the National Bureau of 
Standards Circular 500 (1952). 

DISCUSSION 

The average heat evolved when a mole of hydrogen fluoride solution was mixed 
with excess of sulphur trioxide solution was 13-4 + 0-5 kcal. The large deviations 
observed were mainly caused by difficulties in the manipulation of the hydrogen 
fluoride solutions. The heat of formation of anhydrous fluorosulphonic acid can be 
calculated from this heat, together with the heats of solution of hydrogen fluoride 
and sulphur trioxide in fluorosulphonic acid, and the heat of dilution of fluoro- 
sulphonic acid in a dilute solution of sulphur trioxide in fluorosulphonic acid. The 


A. A. Woo.r, J. Chem. Soc. 231 (1951). 
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last was considered small enough to neglect. The heat of solution of sulphur trioxide 
measured directly was 1-4 kcal. An approximate heat of solution of hydrogen 
fluoride, 0-6 kcal, follows indirectly as the difference between the heat of reaction of 
sulphur trioxide in fluorosulphonic acid with excess of hydrogen fluoride, and the 
heat of reaction of solutions of hydrogen fluoride and sulphur trioxide with the latter 


in excess. The heat of formation of fluorosulphonic acid so calculated was — 184-, 


keal. 
The calculation of the heat of formation of the aqueous acid is set out in Table 4. 


TABLE 4 


Fraction Total } Final dilution Heat calc. for Fraction of Heat of 
otal neat 
hydrolysed by ' of acid (HI reaction total heat due hydration 
equation (2) or H,SO,) (2)/mole to (2)(/) (H — hy) 


0-418 
0-490 24-1 760 37 18-2 5-9 
3 


0-519 


The heat of formation of a mole of aqueous fluorosulphonic acid at dilutions 
from 2300 to 4700 moles of water was 190-, keal. 

he heat of formation of a dilute solution of sodium fluorosulphonate, 204-, kcal, 
follows from the previously measured heat of neutralization." 

An approximate value for the heat of formation of chlorosulphonic, — 132-, was 
obtained from the rough measurements on the heat of the reaction 


HSO,CIl HF HSO,F + HC! 


This value should not be in error by more than 4 kcal/mole; the present value 
differs by 10 kcal/mole from OGiterR’s » value (—-142-7). If the latter value were the 
correct one the displacement reaction would be endothermic rather than exothermic. 


The heats of reaction of sulphur trioxide are collected in Table 5. 


TABLE 


Heat evolved 


Reactant Product 
(kcal) 


H,O H.SO, 
HI HSO,I 15-4 


HC! 6-0 
SO.C 
16-0 
HBr No reaction 
H,SO, H,S,O, 41 


HSO,F HS,O,F(?) 


* Ocier’s value 


*) J. Ocrer, C.R. Acad. Sci., Paris 92, 922 (1881). 
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The hydrogen halide sequence again indicates that OGier’s value is in error. The 

small heat of reaction with fluorosulphonic acid agrees with previous evidence from 

conductivity measurements for the absence of a sharp distinction between the acids 

HSO,F and HS,0,F. The only evidence for the latter is the isolation of its potas- 
sium salt.‘ 


The heat of hydration of fluorosulphonic acid is surprisingly low compared with 
that of sulphuric (23-0) or hydrofluoric acids (14-5). This, together with the small 
heat of ionization of fluorosulphonic acid, would indicate a simpler ionization and 


Suggest that species other than hydroxonium and fluorosulphonate ions are present 
In very small concentrations. 
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Abstract—The vapour pressure of liquid uranium tetrafluoride was measured between 4 and 180 mm 
Hg (1018-1302°C) by a combination of the quasi-static method of RopeBusH and D1rxon and a 
boiling point technique. The data are consistent with the extrapolation of the effusion measurements 
by Ryon and TWICHELL on solid UF,. The vapour pressures of the liquid can be represented by the 
equation: 

16,840 — 44 


— 7-549 log T + 37-086 ~ 0-03 


log Pimm Hg) 


Extrapolation of the data to the normal boiling point of 1729°K, with the assumption of a ACp 
of vaporization of —15 cal/deg mole, gives a heat of vaporization of 51-2 — 0-2 kcal/mole at the 
boiling point. The entropy of vaporization at the normal boiling temperature is 29-7 e.u. in reasonable 
agreement with those of other heavy metal tetrafluorides 

The close agreement between the extrapolated effusion measurements (assuming the vapour 
species to be monomeric) and the total pressures measured in the present study indicates the absence 
of associated molecules in the vapour phase 


THE vapour pressure of uranium tetrafluoride was studied in 1947 by other investi- 


gators in connexion with its possible use in the electromagnetic isotope separation 


process. The data were not in agreement within the precision expected from vapour 
pressure measurements. 

The present study was undertaken in 1954 in connexion with the use of UF, 
mixtures as fuels for the Aircraft Reactor Experiment but publication has been 
delayed until time permitted more precise measurements to be made. 

RyON and TwicHeLL"’ measured the vapour pressure of UF, in the temperature 
range 740-860°C using an effusion technique and in the range 1025-1184°C using 
the boiling point method.’ The intermediate range between 847 and 1002°C was 
studied by JOHNssON™ using a balanced diaphragm method. The effusion and 
boiling point data of RyYON and TWICHELL were fairly consistent but the balanced 
diaphragm data were higher by a factor of about three. Several measurements were 
also made by ALTMAN? using an effusion technique. T hey appear to be quite low, 

* Present address: General Atomic Div., General Dynamics (¢ orp., San Diego, Calif. 

* Operated for the United States Atomic Energy Commission by the Union ¢ arbide Corporation 
4. D. Ryon, L. P. Twicnett, Report No. H-5. 385.2 (TL-7703), Tennessee Eastman ( orporation, Oak 
Ridge, Tennessee (1947). 
K. O. JoHNssON, Report No. Y-42 (TL-8550), Carbide and Carbon Chemicals (¢ orporation, Oak Ridge, 
Tennessee (1947) 
4. M. Weiner, R. C. Briant, Nucl. Sci. Engng. 2, 797 (1957); W. R. Grimes. D. R Cuneo, F. F 
BLANKENSHIP, G. W. Kei_Hoitz, H. F. Poppenpiex and M. T. Rosinson, Fluid Fuel Rea: tors, Chap. 12 
Addisor -Wesley, Reading, Mass. (1958). 

*) M. KNUDSEN, Ann. Phys. 29, 179 (1909) 
W. Fiscuer and O. Rauirs, Z. Anorg. Chem. 205, 1 (1932) 
N. W. Grecory, UCRL Report No. BC-16, (1946) 
Private communication from D. ALTMAN to L. Brewer (1945); L. Brewer. L. A. Bromiey, P. W 
Gittes and N. L. LorGren, UCRL Report No. BC-82 (1947); M. E. Muetter, UCRL Report No. 
AECD-2029 (1948) 
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EXPERIMENTAL 


Material 
The UF, used in these experiments was high quality material which had been prepared and 
purified by high temperature hydrofluorination of the oxide. X-ray diffraction and petrographic 


examination failed to detect the presence of UO, or UO,F, which are the most common impurities 
present in commercial UF,. 


Temperature measurements and control 
The temperature of the melt was measured with a platinum vs platinum-10 per cent rhodium 


thermocouple which was set in a centrally located thermocouple well in the vapour pressure cell. The 


thermoelectric potentials were read with a Rubicon type B potentiometer. The thermocouples were 
calibrated against standard thermocouples calibrated by the National Bureau of Standards 


The furnace temperature was controlled by a Wheelco **( apacitrol” controller and a chromel 
alumel thermocouple placed close to the furnace windings of a 5 in. diameter Hoskins pot furnace 


The vapour pressure cell was set inside a large nickel cylinder to a depth ofabout 5 in. This served to 
minimize the temperature variations in the sample compartment, and the temperature could be held 
constant to within 0:2°C over long periods of time. 

Temperatures of the liquid are estimated to be known to about the accuracy of the thermocouple 
calibration, which was 2°C. 


} apour pressur € measurements 
The vapour pressures were measured in an apparatus of the type originally designed by Frock and 


RopesusH'*’. This apparatus was devised for a vapour pressure techinque'*.”’ in which the flow of 
inert gas through the vapour pressure cell is impeded and balanced by the vapour pressure of the 
material under investigation. This method has been used recently by CANTOR and BeusMAN'!!’, 

For the present studies the vapour pressure apparatus was welded of “grade A” nickel and 


consisted of two vertical tubes, ? in. o.d. with a wall thickness of 0-049 i projecting from the top of a 


cylinder 2 in. in diameter and 1 in. high which contained the melt and saturated vapour. The re- 


entrant thermocouple well, of } in. o.d. tubing extended to within Lin. of the bottom of the reservoir. 
5 


projecting about ,*, in. below the surface of the melt. Inserts'*’ in the \ pour tubes to limit the cross- 


sectional area for diffusion of the inert gas through the tubes were made of graphite. 


The cell was loaded in an inert atmosphere dry box with about 100-120 g. of UF,. The inserts 


were placed into the vapour tubes and diaphragm type regulating valves were attached to the tubes 


(permitting the cell to be handled in air) through Swagelok fittings. The cell was then placed in the 


furnace and connected to the vacuum manifold: this included an inert eas (ar zon) supply, an absolute 
mercury manometer, a differential oil manometer to measure pressures differences between the 
vertical tubes of vapour pressure cell. The cell was outgassed by p ping at temperatures up to 
800 C and was then filled with argon to a pressure greater than the anticipated vapour pressure at the 


1 small amounts of inert 


experimental temperature. When thermal equilibrium had been estab 


gas were drawn through the cell from the gas reservoir which was connected to the absolut mano- 


turn to eg 


meter. Momentary pressure differences across the vapour compartment an C 


following successive withdrawals of gas could be fi llowed on the differ il Manometer Whe the 

inert gas pressure became equal to the vapour pressure of UF,, the d $ of inert gas through the 

cell was impeded by the UF, vapour and a permanent difference was servable on the differential 
ae manometer. The vapour pressure of UF, was then obtained by read the inert gas pressure on 
the manometer 
: At higher pressures the increased flow of inert gas through the cell tended to lower the temperature 
: of the melt. The advantage of converting to boiling point measurements for high pressures in this 
3 type of apparatus had been noted by Cantor'! Therefore, above 30 mm Hg an isothermal boiling 
. point method was adopted for convenience as well as reliability 


The system was converted to a boiling point apparatus by merely opening both sides of the cell 


to the vacuum manifold. The manifold was then connected to the vacuun pump through a stopcock 


* E. F. Flock and W. H. Ropesusn, J. Amer. Chem. Soc. 48, 2522 (192% 
* W. H. Ropesusn and A. L. Dixon, Phys. Rev. 26, 851 (1925) 
"S$. Cantor, R. F Newton, W. R. Grimes and F. F. BLANKENSHIP J.P Chem. 62, 96 (1958). 


"' C. C. Beusman, Thesis University of Cincinnati (1957): Report No. OR NL-2323 (1957) 
S. CANTOR, in preparation (1959) 
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and a short piece of | mm i.d. capillary tubing. On opening the stopcock the inert gas pressure in the 


system was reduced very slowly until boiling occurred. The temperature of the melt was observed 
continuously by keeping the galvanometer key on the potentiometer depressed. The temperature 
remained steady as long as the inert gas pressure was greater than the vapour pressure. But when the 
gas pressure was reduced to the vapour pressure, there was a sharp drop in the temperature of the 
liquid UF, and the galvanometer deflected several inches very suddenly. The stopcock was quickly 


closed and the pressure was read on the manometer. 


RESULTS AND DISCUSSION 


In this study, measurements were made from 1018-1302°C. The data obtained 
for the vapour pressure of uranium tetrafluoride are given in Table |. The observed 


TABLE |.—VAPOUR PRESSURE OF URANIUM TETRAFLUORIDE 


Pressure (mm Hg) 


Temperature 
CC) 


Observed Calculated Pons. 


1018 3-78 3-49 0-29 


1020 3-93 3-64 0-29 
1029 4-68 4-44 0-24 
104] 5-46 §-35 O11 
1049 6-27 6:10 0-17 
1076 9-45 9-48 0-03 
1088 11-50 11-36 0-14 
1107 14-9] 15-14 0:23 
1130 20-60 21-18 0-58 
1159 31-61 31-77 0-16 
1171 37-43 37-36 0-07 
1197 51-90 52-50 0-60 
1208 60-22 60°31 0-14 
1221 72:15 70-96 1-19 
1229 77.12 78-28 1-16 
2% 87-16 85-20 1-96 
1252 103-8 103-0 0-8 
1261 112-2 114-4 2:2 
1265 122-0 119-8 2:2 
1279 142-8 140-4 2-4 
1284 152-3 148-5 3-8 
1302 180-0 181-0 1-0 


* PCa obtained [rom equation (1) using the constants 


ble 2 except for the three 


temperatures 


pressures are the averages of at least two measurements at each temperature. The 
logarithms of the pressures are plotted vs. the reciprocal of the absolute temperature 
in Fig. 1. The effusion data on solid UF,, obtained by RYoN and TwicueLtt™ are 
also plotted. 

The effusion data of RYON and TwicHELL show some scatter, but linear extrapo- 
lation to the melting point of UF, at 1036°C yields a vapour pressure in good 
agreement with that obtained from the present study. This is somewhat fortuitous 
in view of the linear extrapolation over a temperature range of 200°C. 

The data of JoHNsSON”, obtained by the balanced diaphragm technique, are 
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high by a factor of three. This discrepancy may have resulted from the evolution of 
residual gases from the UF, in the diaphragm apparatus at high temperatures. 
ALTMAN’S data’ were obviously low and were not treated further 

The boiling point data of RYON and TwicHeLt at pressures above 15 mm Hg 
where boiling point methods become reliable are in quite good agreement with the 


Fic. 1.—Vapour pressure of uranium tetrafluoride 


data obtained in this study. Their results at lower pressures, however, appear low 
and greatly increase the slope of their least squares line (to about 65 kcal/mole). 
In fact, if their points below 15 mm Hg are ignored, the remaining points yield a 
least squares line almost coincident with that obtained by the present authors. The 
least square lines for the data of JoHNSSON and the boiling point data of RYON and 
TWICHELL are shown as broken lines in Fig. 1. 

While the vapour pressure of UF, appears to be linear over the temperature 
range studied, it is not expected to be so over longer ranges. Therefore, in order to 
improve the extrapolation of the liquid data to the boiling point and extrapolation 
of the effusion data to the melting point, heat capacity corrections were applied to 
both sets of data. Brewer and Searcy’ have discussed the errors which can result 
from the failure to make such corrections. For the data in the ! quid range, obtained 
in this study, a value of —15 cal/deg mole for AC, of vaporization was assumed in 
the absence of any experimental heat capacity data. This value was based on 
GLASSNER’S estimate" of the heat capacity of the liquid (41 cal deg mole) and the 
classical value of the heat capacity of the gas (26 cal deg mole).* 


* Dr. GLASSNER in a private communication to the authors has tated t ‘ iSt Se€Ven COUMNS in 
Table 3, in ANL-5750 are in error by two nes Ihe data for UF, solid and id was omitted due to a 
printing error and ali subsequent lines were raised two spaces. Thus, the data given for solid t F. (a 25-3, 
b 8-0, A 7-899, B 109-6) actually apply to solid UF, 


 L. Brewer and A. W. Searcy, J. Chem. Educ. 26, $48 (1949) 
) A. GLASSNER, Report No. ANL-5750 (1957) 
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The effusion data on solid UF,, obtained by RYon and TwicHEeLL"? were combined 
with the three measurements of this study below the melting point (see Table 1) and 
14 cal/deg mole was assumed for AC,, of sublimation. This value was based on 
the ideal heat capacity of the gas and an average value of 40 cal/deg mole for the 
heat capacity of the solid in the range 740~-1030°C, obtained from the data of Powers 
and BLALock.”® 
The two sets of experimental data were fitted to the equation 
AH, AC, 


log T 


2:303RT 2-303R 


log P (mm Hg) 
by the method of least squares and the constants AH, and / were evaluated and are 
given in Table 2. These constants are in fair agreement with BREWER’s estimates"® 
based on ALTMAN’s data.” 


TABLE 2.—CONSTANTS IN THE FREE ENERGY EQUATIONS 


Condensed phase AH, (cal/mole) 1 


Solid 91.800 1100* 173-94 1-0* 
Liquid 77,060 201* 169-70 + 0-14* 


* Standard deviation 


The normal boiling point was calculated to be 1723°K and the heat and entropy 
of vaporization at the normal boiling point are 51:2 kcal/mole and 29-7 e.u., respec- 


tively. An approximation for the heat of fusion, 16-1 kcal/mole, obtained from the 
heats of vaporization and sublimation at the melting point appears somewhat high 
but is not greatly different than the calorimetric value of 14-7 kcal/mole for ZrF, 
measured by Powers.'"” 

The close agreement between the extrapolated effusion measurements (assuming 
the vapour species to be monomeric) and total pressures measured in the present 
study indicates the absence of associated molecules in the vapour phase. This con- 
clusion is substantiated by the mass spectrometric investigation of GILPATRICK ef 
al."*) who found no evidence of association in the vapour phase of UF,. 

Reasonably accurate vaporization and sublimation data are now available for 
the isostructural tetrafluorides in Table 3. The sublimation pressure of zirconium 
tetrafluoride has been studied by CANTOR" and the heat of fusion has been measured 
calorimetrically by Powers”. The vapour pressures of solid and liquid thorium 
tetrafluoride have been studied by DARNELL and KenesHea'’. The heat of vapori- 
zation for ThF, given in Table 3 was obtained by correcting AH, of vaporization 
to the melting point of ThF, using the AC, of vaporization of —19 cal/deg mole 
assumed by DARNELL and KENeSHEA. For solid ThF,, DARNELL and KENESHEA do 


15) W. D. Powers and G. BLaLtock, Report No. ORNL-CF-51-11-195 (1951) 

1°) L. Brewer, L. A. Bromiey, P. W. Gittes and N. L. Lorcren, Report No. BC-82 (1947), also quoted 
in F. D. Rossini, D. D. WAGMAN, W. H. Evans, S. Levine and I. Jarre, NBS Circ. No. 500 (1952) 
Reference (8) of paper by S. Cantor, R. F. Newron, W. R. Grimes and F. F. BLANKENSHIP, J. Phys 
Chem. 62, 96 (1958) 
L. O. Gitparrick, R. BaLpock, J. R. Srres, Report No. ORNL-1376 (1952). (Includes data on UF,) 
A.J. Darnect and F. J. Kenesnea, J. Phys. Chem. 62, 1143 (1958) 
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not give a free energy equation. Their vapour pressure data were fitted to equation 
(1) by the present authors assuming AC, of sublimation to be —18 cal/deg mole. 
The heat of sublimation at the melting point was obtained from this equation. 


TABLE 3.—VAPORIZATION AND SUBLIMATION DATA OF THE TETRAFLUORIDES* 


Heat of Heat of , :, Entropy of Pauling 
Melting Heat of Entropy Boiling 
point sublimation | vaporization Salen of fusion! point vaporization ionic 
at m.p at m ; i at normal radius 
(K) P (kcal/mole) (e.u.) CK) 


boiling point (A) 


(kcal/mole) (kcal/mole) 


$20 + 05 (37-3) 14-7 12-4 1176 31-4 0-80 

UF, 130920 73-5 + 1-1 | 574+ 0-2 (16-1) 123 1723 29-7 0-97 

ThF, 1383 73-3 1:3 72-4 1-5* (0-9)* (0-65)? 1953 31-5 1-02 
* The enthalpies given in parentheses are obtained from the other two which are experimental values 


t See text 


Since all three substances have the same crystal structure the vaporization process 
should reflect primarily the difference in cation size. Zr! ; Is more volatile because 
of better shielding of the smaller cation,'*"» while UF, and ThF, are closely similar. 

The entropies of vaporization at the normal boiling points are in reasonable 
agreement. The enthalpies for the vaporization and fusion processes are in the 
normal range with the exception that the heat of fusion for ThF, appears too low. 
If the heat of sublimation of ThF, is accepted because of its similarity to that of UF, 
then it appears that the calculated heat of fusion for ThF, is low because the heat of 
vaporization is too high. An extension of the range of vapour pressure measurements 
(17 mm Hg) on liquid ThF, would be of interest in this connexion. 

Alternatively, if one assumes that the entropy of fusion is approximately the same 
for both UF, and ThF,, then the heat of fusion of Thi , becomes 17 kcal/mole. 
Combining this heat of fusion with the measured heat of sublimation gives 56 kcal 
mole as a plausible value for the heat of vaporization at the melting point.* 


Acknowledgements—The authors wish to thank Dr. S. Cantor and Dr. R. F. Newron for helpful 
suggestions and fruitful discussions. 


* The authors would like to thank the referee of the paper for pointing out this approach. 


C. J. Barton, R. J. Suet, ORNL, unpublished data. Error estimated at + 2°C, 
*!) E. A. VAN ArkeL, Molecules and Crystals pp. 47, 48. Interscience, New York (1949). 
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COPPER(O) PHTHALOCYANINE* 


G. W. Watt and J. W. Dawes 


Department of Chemistry, The niversity of Texas, Austin 12, Texas 
(Received 8 September 1959) 


Abstract—The reduction of copper(11) phchalocyanine with potassium in liquid ammonia has been 
shown to yield an anionic phthalocyanine complex of copper in the zero oxidation state. Evidence 


is presented for the possible intermediation of copper(1) phthalocyanine and its disproportionation. 


SINCE stable compounds of copper in the zero oxidation state were apparently not 
known,” the phthalocyanine ligand appeared to offer considerable promise of 
stabilization of Cu(0) through co-ordination. The remarkable stability of phthalo- 
cyanine complexes of divalent metal ions is well known: of these the copper(I1) 
compound is one of the most stable. This is attributable in part to the fact that the 
covalent radius of copper in square planar complexes is 1-32 A as compared with 
the 1-35 A gap in the centre of the phthalocyanine ligand. Although the correspond- 
ing copper(O0) complex might be expected to exhibit appreciable stability, it seems 
unlikely that such a product would be sufficiently stable to resist demetalization upon 
treatment with strong acids. As shown by the data given below, however, copper(0) 
phthalocyanine is sufficiently stable to permit sublimation at 500°. 


EXPERIMENTAI 


Equipment and procedures employed in this work were the same as those described previously.'* 

Pure samples of copper(Il) phthalocyanine and the free unmetallated ligand were generously 
provided by the Pigments Department, E. I. du Pont de Nemours and Co. and were used without 
further purification. X-ray diffraction data for both compounds are given in Table |. The copper(I1) 
compound was found to have ser: 1:73 BLM 


Preliminary experiments 


The solubility of copper(I1) phthalocyanine in anhydrous liquid ammonia at —33-5° was found 
to be approximately 20 mg/100 ml of solution 

When ca. 2°5 g of copper(II) phthalocyanine was slurried in 100 ml of ammonia at —33-5° and 
treated dropwise with an excess of potassium (0-51 g) dissolved in 20 ml of ammonia, the potassium 
was consumed rapidly, there was no gas evolution, and the vivid blue colour of the phthalocyanine 
changed momentarily to an intense green. Although this green colour was transitory, it became 
evident as the reaction progressed that the green solid reacted spontaneously to form a deep purple 
solid. Upon completion of the addition of potassium solution, the purple solid was separated by 
filtration, washed twice with 50 ml portions of ammonia, and removed from the reactor in a dry 
helium atmosphere. When samples of this product were exposed to the atmosphere or treated with 
water, the colour changed from purple to blue. The blue solid was filtered, washed with water and 
dried at 110°; the X-ray diffraction pattern for this solid was identical with that of copper(II) 
phthalocyanine (Table 1) 

With a view to determining whether copper(II) phthalocyanine is reduced via a stepwise two- 
electron reaction, the reduction of 0-0999 g (0°1735 mmole) of the copper(I1) compound in ca. 75 ml 


* This work was supported in part by the Atomic Energy Commission, Contract AT-(40-1)-1639. 


J. Cuatr, J. Inorg. Nucl. Chem. 8, 515 (1958) 

*) H. pe Diespacn and E. Van der Wein, Helv. Chim. Acta 10, 886 (1927). 

*’ For numerous references to studies on the structure of the phthalocyanines see: J. C. Baitar, Jr.. 
Chemistry of the Co-ordination Compounds p. 760. Reinhold, New York (1956) 

*) G. W. Warr et al., J. Amer. Chem. Soc. 70, 1197 (1948): 71, 3833 (1949): 76, 4742 (1954); 79, 3315 
(1957); 79, 5163 (1957). J. Electrochem. Soc. 98, 1 (1951): 102, 46, 545 (1955) 
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of ammonia by 0-0219 g¢ (0-560 mmole) of potassium in 29 ml of ammonia at —33-5° was followed 
potentiometrically over a period of 42 hr. Probably because of the very limited solubility of the 
copper(Il) compound, together with the possible disproportionation of an intermediate product 


TABLE 1.—X-RAY DIFFRACTION DATA FOR PHTHALOCYANINE AND RELATED SPECIES 


Phthalocyanine [Cu'(PC)]* 


phthalocyanine group 


* Less intense lines are not included here 


(vide infra), the potentials were somewhat erratic and re-establishment of equilibrium following 
addition of each | ml increment of potassium solution was slow. There was no detectable ch inge in 
potential corresponding to the addition of one equivalent of potassium solution, but a major ch inge 
occurred upon addition of exactly two equivalents. The visual observations were the same as those 


desc ribed abov e 


Reduction of (Cu"(PC)) to K[Cu%(PC)] 


Copper(11) phthalocyanine (2-4381 g) in 100 ml of ammonia was reduced, as described above 


with two equivalents of potassium (0 6250 g) in 25 ml of ammoni he resulting purple solid was 
washed twice with 50 ml portions of ammonia and dried at atmospheric pressure. (Found: Cu, 
8-81; N, 22-8; sets, 1-75 B.M. Calc. for K,[Cu-(PC)]-4NH,: Cu, 8-81: N, 23-5°). X-ray diffrac- 
tion data are included in Table 1 

In an experiment that differed only in that the final product was dried for 2 hr at 10-* mm. 
1:2356 g of the copper(II) compound in 100 ml of ammonia was red iced with 0:2369 @ of potas- 
sium in 25 ml of ammonia. (Found: Cu. 9 30; N, 16-4; steer, 1-74 B.M. Calc. for K [Cu°(PC)] 
Cu, 9-72; N, 17:1%). The X-ray diffraction pattern for this product was ill-defined: the resulting 
d-spacings (relative intensities in parentheses) were: 12-34 (1-0), 7-84 (0-5). 5-18 (very diffuse) 


1ttempted separation of K{Cu'(PC)| 


In an effort to isolate the phthalocyanine complex of copper(l) of its degradation products 
1-6123 g of the copper(Il) compound was reduced with one equivalent (0-1153 g) of potassium in 
17 ml of ammonia. The solid product was treated as described above and dried at itmospheric 
pressure. (Found: Cu, 9°69; N, 25-8: 1-67 € ale. for K,[Cu°(PC)}] + [Cu"(PC)}-8NH, 
Cu, 9:30; N, 25-4°.). The presence of potassium was confirmed by a qualitative test and the presence 
of copper(I) phthalocyanine by means of its characteristic X-ray diffraction pattern. Efforts to 
separate the components of this mixture by fractional sublimatio: inder anhydrous oxy, gen-free 
conditions were unsuccessful: at 500° and 0-03 mm both the copper(II) and copper(0) compounds 
sublimed. The latter was collected as clusters of purple needles but X-ray diffraction data showed 
that these crystals were contaminated with the copper(I1) compound. Some decomposition was 
observed during the course of the sublimation 


DISCUSSION 


The data given above show that copper(0) phthalocyanine results from the 
reaction, 


[Cu''(PC)] + 2K + 4NH, K,[Cu(PC)}-4NH, (1) 


q 
WA) 
9.9 
= 12°76 1-0 12-62 1-0 12-34 1-0 
9-93 0 9 65 0 0-7 
494 0-5 481 0-47 5-60 0-3 
6 O-8 3 74 0-7 4 9] (0-3 
; 
0-8 3-39 0-6 3-80 0-34 
4 29 04+ 2-94 0-5 3-02 0-5 
Le 
0) 
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and that the 4-ammoniate is readily deammoniated to form the unsolvated copper(0) 
complex. Like the inner orbital’) copper(11) compound, the copper(0) complex has 
a paramagnetic moment corresponding to one unpaired electron. Presumably, the 
addition of two electrons via reaction (1) results in complete utilization of the 3d 
orbitals with the unpaired electron in a 4p orbital."°) As shown above, the copper(0) 
complex is quite stable in an inert atmosphere even at elevated temperatures, but is 
readily reoxidized to the copper(1I1) compound upon exposure to even mild oxidizing 
conditions. Apparently, the vapour pressures of the copper(II) and copper(0) 
compounds are closely similar. 
Although evidence for the intermediation of a copper(1) complex, 


[Cu'(PC)] + K K[Cu'(PC)] (2) 


is by no means unequivocal, this species should be expected to have appreciable 
stability. It is believed that the bright green intermediate invariably observed in the 
reduction of copper(II) to copper(0) is indeed the copper (1) species which dispro- 
portionates rapidly 

2K[Cu'(PC)} > K,[Cu%(PC)] [Cu(PC)] (3) 


The extent of ammoniation of these products is not clear. It is possible that retention 
of eight moles of ammonia found by analysis is a fortuitous result of the mild condi- 
tions under which these products were dried. Nevertheless, complete deammoniation 
yields a product that corresponds analytically to an equimolar mixture of the copper(0) 
and copper(II) compounds and which has the paramagnetic moment anticipated on 
this basis. 

Finally, it is of interest to note that SuHiGemitsu™ has reported recently that 
copper(II) phthalocyanine is unreactive toward reducing agents. 


P. Ray and D. N. Sen, J. Indian Chem. Soc. 25, 473 (1948). 


©) M. Suicemitsu, Bull. Chem. Soc. Japan 32, 502 (1959) 
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R. Dipcuenko, J. E. and R. H. Tor NISKOETTER 
Research Laboratories, National Carbon Cor pany 
Division of Union Carbide Corporation, Cleveland 1, Ohio 


(Received 8 September 1959) 


Abstract Trimethylindium reacts with phosphine at its boiling point to form a 1 : 1 adduct, which 
decomposes on warming to 78°C into the starting materials (75 per cent) and the compound 


[—MeIn—PH—], (25 per cent). The latter material is also formed au: ntitatively when ph sphine gas 


is bubbled through a solution of trimethylindium in benzene at 0—23°¢ The compound decomposes 
ren heated to 270-300°C jn inert 


atmospheres or in vacuo. No evidence for the existence of (Me,In—PH.,),, has been found 


sometimes explosively into indium phosphide and methane w 


THE co-ordination complexes of trimethylindium with ammonia, trimethylamine, 
trimethylphosphine and several others have been investigated by Coates and Wuir- 
comBE."’ There are no data in the literature concerning similar compounds with 
phosphine. The present paper is intended to fill partially this gap in the systematic 
chemistry of organometallic compounds. 

The reaction between trimethylindium and phosphine was studied in vacuo and 
in solution. When phosphine gas is bubbled through a solution of InMe, in dry 
benzene, a pale yellow, flocculent precipitate appears in the course of an exothermic 
reaction. If the reaction temperature is kept around 0°C, the precipitate becomes more 
grainy with time but does not change in colour. If the temperature is allowed to rise 
to around 40-50°C the precipitate becomes yellow, turning orange at the boiling 
point of benzene. 

lhe reaction is quantitative. The precipitate can be filtered and kept in vacuo or 
in inert atmosphere. When exposed to air it rapidly oxidizes, sometimes with 
conflagration. The material is insoluble in all common organic sol\ ents. Water and 
acids attack it with the evolution of methane and phosphine. The product darkens 
progressively when it is heated in an inert atmosphere. At around 100-120°C the 
material has a tendency to puff or even explode violently, depending on the amount 
present and on the heating rate. The dark gray powder remaining after heating to 
250-270°C is indium phosphide. 

The thermal decomposition of this compound has been followed quantitatively in 
a vacuum apparatus. It has been established that for one mole of the residual indium 
phosphide, there is always evolved one mole of methane containing a trace of hydrogen. 
The mass balance proves that no other species are formed. The compound has, 
therefore, the empirical composition InPCH,. The X-ray powder diagram showed 
that the material is amorphous. This, together with its insolubility, would lead one 
to eliminate possible cyclic di- and trimeric structures and to assume that the material 
is highly polymeric (—MeIln—PH—). 

Coates and Wuircompe found that trimethylindium forms with ammonia a 
1: 1 adduct melting at 66-2-66-4°C. This compound evolves methane slowly at 
 G. E. Coates and R. A. Wurrcomae, J. Chem. Sox 
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room temperature and rapidly at 70-80°C with the formation of (Me,In—NH,), 
(m.p. 120-125°C) which decomposes on further heating to unidentified products. 
In view of the fact that in the case of phosphine, the last member of the series 
CH, CH, 
Me. In-PH, > (Me,In—PH.,), > (—Meln—PH—) 
is easily prepared by the above method, it was interesting to see if the preceding two 
compounds of this series do exist. 

Irimethylindium is very soluble in liquid phosphine (to the extent of about 
0-25 g/ml). When the liquid phosphine is distilled off at 123 C from such a solution 
by conventional vacuum techniques, not all of it is recovered and the amount of 
phosphine retained corresponds to a | : | adduct. The equilibrium pressure of phos- 
phine over the adduct at —123°C is 4 mm Hg and 7 mm Hg at —-112°C. Up to 

78°C only traces of methane are formed. Above this temperature the evolution of 
phosphine stops, methane begins to form and continues to evolve until about OC, 
At this temperature, the original adduct is approximately 75 per cent decomposed 
into trimethylindium and a pale yellow non-volatile solid. The amount of methane 
formed up to this point corresponds to two moles of gas per mole of trimethylindium 
that entered the reaction to form the pale yellow solid. This material evolves only 
very little methane on further heating, but its colour becomes progressively darker. 
At 95°C it is brick-red and a fast evolution of methane begins and continues to 
275-300°C. The amount of methane evolved in this stage is exactly one half of the 
volume formed up to 0'C. The solid residue analyses as indium phosphide. The 
molar ratio of indium phosphide to the total methane formed is | 3 

These results lead to the following conclusions: The compound Me,In—PH, is 
formed at 123°C but is unstable above that temperature. It decomposes into 
Me,In and PH, slowly and reversibly at 112°C, rapidly at —78 C. Around this 
temperature the condensation of the monomeric molecules of the adduct begins. It 
progresses with the evolution of methane and the formation of (— Meln—PH—) 
which is completed between O'C and 25°C. This compound is moderately stable up 
to about 95°C. Between this temperature and 275°C it breaks down into indium 
phosphide and methane. No evidence for the existence of (Me,In—PH,), could be 
round 

In comparing these results with the work of Coates and WHITCOMBI !) one finds 


the usual reduced stability of phosphine coordination compounds relative to those of 


ammonia, alkylamines and alkylphosphines. The fact that no phosphine analogue of 


(Me,In—PH,),, seems to exist, but a highly polymeric (—Meln—PH—),, readily 
forms, is also in agreement with the growing inertness of the lone electron-pair as 
one progresses to higher members of a periodic group, leading to the decreasing 


stability of the “onium” type compounds. 


EXPERIMENTAI 


Trimethylindium. This compound was prepared by the method of Dennis ef al.*' and purified 
by sub ition ifm vacuo 

Phosphine. The phosphine used was 99-9 — per cent pure, procured as compressed gas from Rocky 
Mountain Laboratories, Denver, Colorado 


The reaction between In(CH,), and PH, in benzene was carried out in the apparatus shown on 


ig. 1. The trimethvlindium was sublimed from the storage flask A (at room temperature) into the 


Dennis, R. W. Work and E. G. Rocnow, J. Amer. Chem. Soc. 56, 1047 (1934) 
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reaction flask B (at —78°C). The sublimation was speeded up considerably by pumping through | 
while leaking purified argon through 2. The amount of trimethvlindium sub! med into flask B was 
determined by weighing flask A before and after the sublimation. Benzene dried with CaH.. was then 


3 into the flask B kept again at — 78 ¢ After warming up to room tempera- 


distilled in vacuo through 


ture, a clear solution was formed. The apparatus was then filled with pure argon and after purging 


Fic 


Apparatus for reacting In(CH,), with PH benzen 


all the external lines with PH, through 1 the gas was allowed to bubble through the solution. It 
escaped through 4 and through a mercury seal-ofl trap. It is best disposed of by burning and scrub- 
bing the fumes with running water 


The precipitation at room temperature is rapid and exothermic. If the solution is concentrated 


in trimethylindium, it will warm up to the bo ing point of benzene After the reaction is completed. 
the solution and the ipparatus are purged with argon enter through | and the precipitate is 
filtered through the medium porosity fritted glass plate 5 by 1 . the apparatus and applying 
slight vacuum at 4 while mainta ning the argon flow through |. The ered and vacuum dried vellow 
precipitate is then transferred in an inert atmosphere box into a st wage flask. The reaction is 
quantitat ve 

Thermal decomposition of (CH.In—PH) in vacuo The « pound obtained in the above 
manner (0-2031 ¢ 1-27 mmoles) was put into a small vial, stopp. | by a plug of glass wool and 
heated inside i tube attached to the v icuum chain. Slow gas ev t 95 proceeded 
rapidly at 105 ¢€ The evolved gas was intermittently pumped thr i liquid nitrog trap into a 
calibrated volume by means of a7 epler pump fter heating the ple to 270°C 1 7: ution 
stopped The total vol ime Of gas evolved was 26:8 ml! reduces tandard cor $s, which 
corresponds to 1:20 mmoles Analysis by gas chromatoer phy ed the gas to b ine with 
a trace of hydrogen (<1 per cent) he remaining powder ana d InP and weighed 0-1792 g, 
corresponding to 1-23 mmoles 

Formation of (CH,),In—PH Trimethylindium (0-0760 ¢ 48 mmole) was sublimed in 
vacuo into the bottom of a small tube and 401-5 mi! of phe sp ¢ gas was condensed onto it 

196 € The excess phosphine was then slowly distilled back e calibrated volume keeping 
the reactants first at about 130 C then at 123 ¢ At the latter te rature the equilibrium vapour 
pressure of phosphine over the solid residue was 4 mm while if ar 1 phosphine (b.p 87-5°C) 
was still present, it would have been 64 mm. The amount of p recovered up to this point 
was 390-2 ml which means that 11! 3 ml or 0-50 mmole reacted w +5 mmole of In(CH,),. | pon 
heating to 78°C, 9-85 ml of PH, were evolved. On further hea ; to room temperature small 
mounts of phosphine and 4-63 ml | 0-21 mmole) of methane were collected. Trimethvlindi im 


formed by the partial decomposition of the 1 : 1 adduct was sublimed at this point into a trap and its 


weight determined to be 0-0583 g rhis means that the nonvolatile material contained 0-0177 ¢ (— 0 11 
mmole) of In(CH,)s, and that for each mole of the undissoci ited adduct 2 moles of methane were 
evolved with the formation of (—Meln—PH—) This mater pon heating to 300°C evolved 
2:3 ml (~ 0-10 mmole) of methane. The residue analvsed as InP 1 weighed 0-0168 g (= 0-12 


mmole) 
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PRECIPITATION OF RUTHENIUM FROM NITRATE 
SOLUTIONS WITH INORGANIC AND ORGANIC 
SULPHIDES 


R. L. 
Hanford Laboratories Operation, General Electric Company 
Richland, Washington 


(Received 19 August 1959) 


Abstract—Certain organic sulphur compounds, such as -mercaptopropionic acid and 2-3 dimer- 


captopropanol-! (BAL), have been found to be very effective reagents for precipitating ruthenium 


from nitric acid solution. The presence in the organic molecule of one or more —SH groups is 


With trace concentrations of ruthenium, precipitation is aided by co-precipitation of a 


macro concentration of a heavy metal such as silver (1), copper (11), mercury (11) or molybdenum (III). 


Although the reaction resembles in many respects, including the effect of pertinent variables, the 
precipitation of ruthenium with hydrogen sulphide, the precipitation is not due to the formation of 
sulphide ion but rather to the formation of a very sparingly soluble compound with the organic 
reagent. Uranium, plutonium and most fission products other than ruthenium are not precipitated. 


THe chemistry of ruthenium in nitric solution is in many ways different from that in 
other media and possessed of a singular “stubbornness”, presumably due to the forma- 


tion and inertness of stable nitrato nitrosyl ruthenium complexes. Thus, ruthenium(II) 


and (IV) form a series of stable coloured phenanthroline and dipyridine complexes 


in hydrochloric acid solution. Ruthenium is also readily and quantitatively reduced 


to the metal by treating a hydrochloric acid solution with zinc. In nitric acid solution, 


however, these reactions do not occur or occur very incompletely, even in the presence 


of nitrite suppressors such as urea or sulphamic acid. Ruthenium can be removed 


from nitrate solutions by oxidation to the tetroxide or by precipitation as the sulphide. 
BENWELL ef ail.” studied the chemistry of ruthenium in solutions prepared by 


dissolving ruthenium—nickel or ruthenium-uranium alloys in nitric acid and found 


that the ruthenium was precipitated from such solutions by hydrogen sulphide. 
The removal was improved and a more easily handled precipitate obtained by the 


simultaneous precipitation of copper sulphide or some other heavy metal sulphide. 
Mites and Martin“ at Harwell investigated the copper(II) sulphide scavenging of 
radio-ruthenium from nitric acid solutions of irradiated uranium. These workers 
concluded that the mechanism of copper(II) sulphide scavenging involved conversion 
of ruthenium nitroso nitrate to colloidal ruthenium nitroso sulphide followed by 
adsorption of the colloid on particles of the copper sulphide precipitate. These 
results were also confirmed in our laboratory. 

Although the ruthenium precipitation with hydrogen sulphide is convenient and 
quantitative, it suffers from several deficiencies. At acidities greater than about 


0-5 M or at elevated temperatures a vigorous exothermic reaction between sulphide 


and nitric acid may occur. This is accompanied by the production of a gummy 


M. R. W. Benwe t, F. M. Lever and A. R. Report AERE-X/R-499 (1) (1950) 
*) G. L. Mites and F. S. Martin, Report AERE-C/R-412 (1950) 
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precipitate of elemental sulphur. Intense radiation fields were also observed to cause 
some decomposition of the sulphide precipitate, resulting in incomplete ruthenium 
removal. The possible application of several organic sulphides as ruthenium pre- 


cipitants was accordingly investigated in the hope of avoiding these difficulties. 


DISCUSSION AND RESULTS 


Ruthenium precipitation with copper sulphide 


A series of experiments was performed in which ruthenium was precipitated from 
radioactive solutions with copper(Il) sulphide under essentially the conditions 
recommended by the British workers."»?) Co-formed copper sulphide was found to 
work better than pre-formed, and precipitation by bubbling hydrogen sulphide 
through the solution was more effective than addition of a soluble sulphide (such as 


sodium sulphide or ammonium sulphide). In a series of typical experiments, hydrogen 
sulphide was bubbled at room temperature (ca. 25°C) for 2 hr through uranyl! 
nitrate-nitric acid solutions containing initially 0-025 M copper nitrate (1-6 g/l.) 


and spiked with a solution of dissolved reactor-irradiated uranium to a level equivalent 
to 2 per cent of full Hanford level. The ruthenium-bearing copper sulphide pre- 
cipitates were readily dissolved for analytical purposes in excess sodium cyanide 
solution, and the fraction of the ruthenium precipitated was determined by radio- 


chemical analysis of the initial solution and of the supernate after centrifugation. 


From solutions | M in uranium and 0-5 M in nitric acid, ruthenium removal a\ eraged 
99-8 per cent, corresponding to decontamination factors (D.F.) of about 500 (Ru 
conc. before treatment/Ru conc. after treatment). 


From solutions containing one or two molar uranvi nitrate and no free nitric acid. 


ruthenium decontamination factors were 580 and 190 respectively. In general, 


increase in acidity or in uranium concentration decreased ruthenium removal some- 


what, and at high nitrate concentrations and/or higher temperatures there was a 


tendency for oxidation of hydrogen sulphide to free sulphur. The precipitation of 
copper sulphide was essentially complete within several minutes after the passage of 
hydrogen sulphide commenced. That of ruthenium was much slower, however, as 
shown in Table 1. 


TABLE 1.—RATE OF RUTHENIUM PRECIPITATION ON 
CO-FORMED COPPER SULPHID! 


Time of passage Initial Ru 
of H,S remaining( 


Ru DI 


5 min 
15 min 2:2 45 


30 min 


On prolonged passage of hydrogen sulphide, there was some reduction of uranium(V1) 
to uranium(IV) and of plutonium(IV) to plutonium(II]); however, there was no 
detectable precipitation of any of these species. Similar results and decontamination 
factors as high as 770 were obtained with full level dissolver solutions. 


4 
4 
0-8 115 
4 hr 0:36 280 
2 hr 0-17 600 
4 
q 
> a 
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Ruthenium precipitation with organic sulphur compounds 


Preliminary cold experiments showed that 0-1 gm/I. ruthenium was precipitated 
more or less completely from nitric acid—uranyl nitrate solutions by the addition of a 
small concentration of 2,3-dimercaptopropanol-| (commonly known as British 
Anti-Lewisite and abbreviated BAL). A number of other commercially available 
organic sulphur compounds were also tested. These included ethyl sulphide, ethyl 
disulphide, di-p-tolyl disulphide, x-mercapto-N-2-naphthyl-acetamide, mercaptoacetic 
acid, 2-mercaptoethanol, //-mercaptopropionic acid, 2-mercaptobenzothiazole, /- 
dithiodiglycol, benzenethiol and thioacetic acid. Only those which contained —SH 
groups gave precipitates with inactive ruthenium or with heavy metals from inactive 
solution. In addition to BAL, 2-mercaptoethanol and /-mercaptopropionic acid 
possessed adequate solubility and gave good precipitates. The //-mercaptopropionic 
acid in particular gave results both in “‘cold” and “hot” tests that were comparable 
to those with BAL. However, most of the subsequent experiments were performed 


with the latter. 


Ruthenium scavenging with BAL—effect of variables 

As with hydrogen sulphide, it was necessary to co-precipitate a heavy metal in 
order to obtain efficient precipitation of trace concentrations of ruthenium. Coagula- 
tion of the precipitates was more rapid when the solutions were digested at 50-80°C 
rather than at room temperature. Silver(1), molybdenum(II1), copper(IL), mercury(I) 
and ruthenium itself were particularly effective scavengers as shown in Table 2. The 
solutions in this series of experiments contained 1-7 M uranyl nitrate, fission product 
activity equivalent to one per cent Hanford level, 0-01 M carrier and 0-025 M BAL. 


They were digested for 2 hr at 55°C. 


TaBLe 2.—SCAVENGING OF TRACE RUTHENIUM WITH 
BAL-METAL PRECIPITATES 
Carrier Ruthenium D.I 
Silver(1) 600 
Molybdenum(II]) 500 
Mercury(I1) 47 
Copper(I1) 300 
Ruthenium(I]) Sulphate 1050 


Colour of the precipitates, as well as failure to detect any odour of hydrogen sulphide, 
indicated that the precipitates represented true compounds between BAL and the 
metals and were not sulphides resulting from hydrolysis of the mercaptan. Chemical 
analysis of the silver-BAL precipitate gave a silver to BAL mole ratio of 1-9, 
suggesting two silvers per BAL. This would correspond to one silver ion for each of 
the two —SH groups in the 2,3-dimercaptopropanol-1 molecule. The very low 
solubility of the silver compound in the presence of a slight excess of BAL is shown 
by the fact 6 M hydrochloric acid did not metathesize it to silver chloride. Also, a 
0-01 M excess of silver ion precipitated the BAL so completely that the pungent 
mercaptan odour could no longer be detected. 

The effects of nitric acid and uranium concentration on ruthenium scavenging 
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were similar to those observed with copper sulphide, i.e., a moderate decrease with 
increasing concentration, with decomposition of the precipitate at very high acidities 
(10 M HNO). Uranium and plutonium were not carried. Principal difference was 
the ability to digest BAL containing solutions at moderately elevated temperatures 
(50-80°C) without decomposition. When the mercaptans were introduced into full 
level plant dissolver solutions, gummy decomposition products were formed which 
Suggested that these compounds were very unstable to radiation. This effect was 
traced, however, to the presence of nitrite, a radiation decomposition product of 
nitrate. The effect was largely or completely eliminated by the addition of nitrite 
suppressors, at least in laboratory scale experiments. A full level solution 0-0 M in 
HNO, and 1-9 M in uranyl nitrate was made 0-01 M in AgNO,, 0-1 M in nitrite 
Suppressor (urea, sulphamic acid, or ferrous sulphamate), 0-05 M in BAL and 
digested 2 hr at 50-S5S°C. Ruthenium decontamination factors were 200. 500 and 
700 respectively. These are of the same magnitude as obtained with co-formed 
copper sulphide. 


( comparison and applic ations 


The degree of removal of ruthenium from either macro or tracer solutions and 
the effects of pertinent variables are very similar with the organic and inorganic 
precipitants. Under optimum conditions, quantitative precipitation is readily 
achieved. With both, the principal limitation is the decomposition caused by high 
concentrations of nitric acid, intense radiation dosage, high temperatures or nitrite 
oxidation. The sulphide precipitants, besides being convenient and useful for 
analytical chemical applications, also afford a way to decontaminate reactor fuel- 
element solutions from ruthenium activity. Because of the above cited limitations, 
treatment of partially decontaminated second cycle or product streams may be more 
practical than treatment of the feed solution. Use of organic sulphides without a 
carrier followed by adsorption of the ruthenium on a silica gel column (presumably 
as a complex or as a colloidal precipitate) has also been demonstrated. The 
principal disadvantage of the organic sulphides for large scale application is their 
current high cost. 
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UNCOMMON CO-ORDINATING AGENTS 
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(Received 17 June 1959; in revised form 10 September 1959) 


Abstract—The preparation of tetraethylethylenediphosphine (TEP) and some of its complexes is 
described. The complexes are compared with similar arsenic and nitri gen compounds. The ionic 
of the diamagnetic octahedral cobalt (II]) complexes, [Co(TEP),X,]X (X = Cl, Br, I) is 
ted by their conductance in nitrobenzene and in water (X = Cl). The complex Co(TEP),1I, has 
one unpaired electron and, since the conductivity in nitrobenzene shows the presence of two ions, it is 
presun ibly five-co-ordinate in that solvent It is thought to be octahedral in the solid State. A 
complex with the empirical formula Co(TEP)Br, is probably a salt-like dimer [Co(TEP),JCoBr, 
containing planar [Co(TEP),]** and tetrahedral CoBr,*?~. The complexes M(TEP)X, (M Zn, Cd, 
Hg, Pb, Ni; X Br and M Pd, Ni; X = Cl) as well as [M(TEP),}(CIO,), (M Pb, Ni) were 
isolated. Those of nickel (II) are diamagnetic and presumably planar. Ni(TEP)Br, was oxidized 
to Ni(TEP)Br, which has one unpaired electron, confirming the presence of nickel (I[]). With the 
coinage metals, the compounds [Cu(TEP),] [Cu(TEP)X,], [ Ag(TEP),JAgl, and [AuPEt,C,H,PEt,Aul 
were studied. The first two are conducting in nitrobenzene and the gold(1) complex is non-conducting 
ts bridge structure is supported by its molecular weight in chloroform. It can be oxidized to 
1L,Au(TEP)Aul 


MANY o-phenylene compounds (I) in which M and M’ are arsenic, phosphorus, 
nitrogen or any combination of them have been prepared and the properties of their 


M'R, 
MR. 


I 


co-ordination compounds investigated extensively.".*) In the alkyl series, the com- 
plexes of N-substituted ethylenediamines have been examined. The palladium 


* Taken in part from a dissertation submitted in partial fulfillment of the requirements for the Ph.D. 
degree at the University of I inois, 1957, by ¢ E. Wymore 
National Science Foundation Fellow, 1955—1956 
» Present Address: Physical Research Laboratory, 280 Building, The Dow Chemical ¢ ompany, Mid- 
land, nigan 
uM and G. J. Sutton, J. Chem. Soc. 560 (1958) and references therein: J. Chem Soc. 564, 
(1958); J. E. FerGusson and R. S. NynHoim, Chem. & Ind. 1555 (1958): N F. Curtis, J. E. 
Sson and R. S. NyHoim, Chem. & Ind. 625 (1958); H. L. NiGam and R. S. NyHoLM. Proc. Chem. 
1 (1958); J. Cuatr and F. A. Hart, Chem. & Ind. 1474 (1958). 
G. MANN and F. H. C. Stewart, J. Chem. Soc. 1269 (1955) 
R. H. Jones and F. G. Mann, Jbid. 4472 (1955); W. Cocuran, F. A. Hart and F. G MANN, 
2816 (1957): 
A. Hart and F. G. Mann, Chem. & Ind. 574 (1956); J. Chem. Soc. 3939 (1957): J. ¢ HATT and F. A 
Chem. & Ind. 147 (1958): 
MANN and H. R. Watson, J. Chem. Soc. 3945. 3950 (1957) 
MANN and H. R. Watson, J. Chem. Soc. 2772 (1958): 
ASOLO and R. K. MURMANN. J. Amer. Chem. Soc. 76, 211 (1954): 74, 5234 (1952): 
PEARSON, C. R. Boston and F. Basoro, Jhid. 75, 3089 (1953): 
j and J. M. M. Grurrirus, J. Chem. Soc. 213 (1954): 
G. Mann, Jhid. 2904 (1927) 
Lirscuitz et al., Z. Anorg. Chem. 242, 97 (1939): 
Preirrer and H. Graser, J. Prakt. Chem. [2] 151, 134 (1938); [2] 153, 300 (1939) 
(h) R. N. Kecver and L. J. Eowarps, J. Amer. Chem. Sox 74, 215 (1952): 
(i) F. Ihid. 227 (1953) 
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complexes of alkyldiarsines(Il) have also been studied.’ Recently a preliminary 
report of a nickel(0) complex containing P,P,P’,P’-tetraethylethylenediphosphine* 
(III) has appeared. This paper deals with a more extensive investigation of the metal 


R,AsCH,CH, ASR, 


complexes of tetraethylethylenediphosphine. This diphosphine yields co-ordination 
compounds containing phosphorus which are similar to complexes of ethylenediamine 
and which can be compared with them. Tetraethylethylenediphosphine and ethylene- 
diamine are not strictly analogous, but ethylenediamine forms stronger complexes than 
N-substituted ethylenediamines and trialkylphosphines form more stable complexes 
than phosphines, so that the chelates of these two bidentate ligands represent the most 
stable compounds in each series. 


RESULTS AND DISCUSSION 

Tetrae thylethylenediphosphine. Tetraethylethlenediphosphine was prepared by 
the stepwise alkylation of phosphine in liquid ammonia at —78°C. None of the 
intermediates were isolated and the crude tetraethyldiphosphine was obtained in 


NaN 


—» C,H,PH, (C,H,),PH 


overall yields up to 54 per cent. It was isolated and analysed as the dihydroiodide. 
The use of sodium amide as the base was adapted from the work of WAGNER and 
Bura." 

Trimethylenediphosphine has been prepared by LerrLer and Teac in a similar 
manner. They report that ethylenediphosphine and P, P’-d ethylethylenediphosphine 
are unstable at room temperature. HircHcock and MANN‘* have prepared (C,H;,) 
C,H;PC,H,PC,H;(C,H;), using virtually the same method. | xcept for the nickel(0) 
compound of tetraethylethylenediphosphine, the co-ordinating ability of none of the 
diphosphines has been investigated. 

Cobalt complexes. Tetraethylethylenediphosphine (hereafter called diphosphine 
and abbreviated TEP) forms complexes with cobalt(II) and (III). Air oxidation of 
solutions of cobalt (II) salts and the diphosphine gives a series of cobalt(II) complexes 
with the formula [Co(TEP),X,] X(X = Cl, Br and I). The green bromo and chloro 
compounds are soluble in water and seem to hydrolyse slowly to a yellow solution. 
The green colour can be restored, at least in the early stages of hydrolysis, by addition 
of the appropriate hydrohalic acid. The brown iodo salt is insoluble in water. All 
three of the cobalt(III) complexes are conducting in nitrobenzene (Table 1). Their 
molar conductances (35-39 mhos) are a little higher than the 20-30 mhos usually 
found for | : 1 electrolytes at 20-25° in the concentration range 0-001-0-01 M'®. The 

* Can also be named ethylenebis(diethylphosphine) 

* J. Cuatr and F. G. Mann, J. Chem. Soc. 1622 (1939) 
J. Cuatr and F. A. Hart, Chem. & Ind. 1474 (1958) 
* R. IL. WaGner and A, B. Bura, J. Amer. Chem. Soc. 75, 3869 (1953). 

A. J. Lerrter and E. G. Teacn, The Preparation of Some Alkyl Diph hines, 133rd National A.C.S 

Meeting, San Francisco, April (1958) 

C. H. S. Hircucock and F. G. Mann, J. Chem. Soc. 2081 (1958) 


* (a) A. Kapesu and R. S. NyHoum, J. Chem. Soc. 38 (1951): 
(b) C. M. Harris and R. S. Nynoum, 4375 (1956) 
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larger values are probably due to the higher temperatures at which the measurements 
were made. The conductivity of the chloro complex (Table 1) in water shows that 
two 1ons are present and substantiates its uni-univalent character in nitrobenzene. 
All of the compounds are diamagnetic or slightly paramagnetic, indicating an octa- 
hedral configuration in which all the electrons are paired. What evidence there is 
(see below) might indicate that the halogen atoms are in the trans positions. 


TABLE | MOLAR CONDUCTANCE OF DIPHOSPHINE COMPLEXES 


Molar conductance 


Molar conductance in PhNO, in H,O 


Compound 


Temp. ( C) Temp. 


1-02 
0-79 
0-97 
0-79 
0-62 


(Co(TEP),Br,]Br 
(Co(TEP), Ci, JCI 
(Co(TEP), 

[Co(TEP), }CoBr, 


<= 


ty ty te ty ty 
A 


TEP)Br 28 0-60 


(Cu(TEP),] (Cu(TEP)I,] 5-60 
[Ag(TEP),JAgl, 0-95 
!Au(TEP)Aul 1-22 


Zn(TEP)Br 28-5 1-41 
Cd(TEP)Br, 


* B 1 on the empirical formula Co(TEP)Br 


In structure and method of preparation, the diphosphine complexes of cobalt(II), 
[Co(TEP),X,]X, are similar to the analogous ethylenediamine and o-phenylenebis(di- 
methylarsine)""” cx mpounds (Formula I, M M’ As. R Me). Apparently, the 


only previously reported complex of cobalt(III) and a phosphine is Co(PEt,),Cl,." 
[he complexes of cobalt(II) are prepared in the absence of air. With a 2:1 
ratio of diphosphine to cobalt, compounds of the empirical formulas Co(TEP),I, 


and Co(TEP)Br, were isolated. The molar conductance of the brown iodo com- 


pound in nitrobenzene is 35-4 mhos, indicating that two ions are present. This 
means that the cobalt is five-co-ordinate in nitrobenzene if any possible solvation by 
the solvent is ignored. The compound is insoluble in water so that its conductivity 


in that solvent could not be determined. Co(TEP),I, has a magnetic moment of 


2:2 B.M. which indicates one unpaired electron. Both square planar and spin- 
paired tetragonal cobalt(II1) complexes have a theoretical moment corresponding to 
one unpaired electron (1-73 B.M.) when calculated by the “spin only” formula, 
but, because of more orbital contribution the values for the square planar configura- 
tion are usually higher. The ranges of values usually found are 2:1-2-9 B.M. and 


H. and R. S. J. Chem. Soc. 3570 (1952) 
R. G. Witkins, Nature, Lond. 167, 434 (1951) 
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1-7-2-0 B.M. for four- and six-co-ordinate complexes respectively.“*) The magnetic 
moment for Co(TEP),I, is almost between the expected ranges; however, the octa- 
hedral (or tetragonal) structure is preferred for the solid state of this compound 
because the infrared spectra of Co(TEP),I, and all of the cobalt(III) compounds, 
[Co(TEP),X,]X, are very similar. The individual variations in absorption frequencies 
among the cobalt(II]) complexes are as great as the differences between each of 
them and the cobalt(II) iodo compound. If the five-co-ordinate cobalt compound 
IS a square pyramid as expected, then the two diphosphine molecules are probably 
at the base. Such an arrangement would suggest a trans structure for solid Co(TI P).I, 
and probably also for the cobalt(II) complexes. 

Penta-co-ordinate cobalt(II) is not unexpected for it is in accord with the crystal 
field theory."*’ Other cobalt(II) compounds which are probably five-co-ordinate are 
Co(TAS)I,"" and (TAS = methyl-bis-(3-din ethylarsinopropyl)arsine 
and SPA = NyHOLM co- 
workers have shown that o-phenylenebis(dimethylarsine) (PDA) complexes of 
and have conductances in nitrobenzene 
which support five-co-ordinate structures in that solvent. The complexes have the 
general formula [M*"(PDA),X]*"~' (X usually halide) if any possible co-ordination by 
nitrobenzene is ignored. In the solid state, the M"(PDA),I, complexes have four 
arsenic atoms in a plane and the two iodine atoms in a distorted octahedral arrange- 
ment. 7 

In contrast to Co(TEP),I,, green Co(TEP)Br, has a magnetic moment of 3-7 B.M. 
per cobalt atom. Tetrahedral cobalt(I1) complexes have a theoretical moment of 
3-88 B.M. corresponding to three unpaired electrons when it is calculated by the 
“spin only” formula. In practice, however, the values are higher due to orbital 
contribution and the range usually found for tetrahedral structures is 4-3-4-8 B.M."2 
Thus the value of 3-7 B.M. for Co(TEP)Br,, calculated per cobalt atom, is lower 
than expected for a tetrahedral arrangement. Another structure for Co(TEP)Br, is 
the salt-like dimer [Co(TEP),] CoBr,. The observed magnetic moment would then 
be a mean of the magnetic moments for [Co(TEP),* and CoBr,2~. In the pyridinium 
salt, CoBr,”~ has a magnetic moment of 4-67 B.M."'* which leaves a remainder of 
2:3 B.M. for [Co(TEP),*. This corresponds to one unpaired electron and is in the 
range expected (2-1-2-9 B.M.) for a square planar cobalt(II) complex.” It is also 
in line with the value of 2:2 B.M. for the one unpaired electron in six-co-ordinate 
Co( TEP),I,. 

The conductivity of [Co(TEP),] CoBr, in nitrobenzene is 16-4 mhos. This value 
is much lower than expected because 2:2 electrolytes should have higher con- 
ductances than the 20-30 mhos found for | : 1 electrolytes. The lower value may 
be due to a rearrangement 


[Co(TEP),JCoBr, = 2 Co(TEP)Br, 


B. N. Ficais and R. S. Nywoim, J. Chem. Soc. 12 (1954) 

F. Basoio and R. G. Pr ARSON, Mechanisn f Jnorgar Reactions p. 59. John Wilev. New York (1958) 
G. A. Barciay and R. Nywoum. Chem. & Ind. 378 (1953) 
*) M. Carvin and C. H. Barketew, J. Amer. Chem. Soc. 68. 2267 (1946) 

(a) C. M. Harris, R. S. Nynoim and N. A. SrepHenson, Rec. Trav. Chim. 75. 687 (1956) 


(b) C. M. Hares and R. S. Nynoum, J. Chem. Soc. 63 (1957) 
C. M. Harris, R. S. Nyttoim and N. C. SrepHenson, Nature, Lond. 177. 1127 (1956) 
R. S. Nynoum, Quart. Rev. 7, 377 (1953) 
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in nitrobenzene. Alternatively, if the compound exists as Co(TEP)Br, in the solid 
State, its small conductance (8-2 mhos based on the simple formula) may be due to 
dissociation into the ionic structure. 

The molar conductance of Co(TEP)Br, in water (A,9, = 233 mhos based on the 
simple formula) indicates the presence of three ions per cobalt atom. Hydrolysis of 
either the non-ionic or ionic structure is consistent with this behaviour. The reading 
was taken 3 min after dissolution which liberated no diphosphine. While the evidence 
from magnetic and conductivity data is inconclusive, it seems to favour formulation 
of the complex as [Co(TEP),JCoBr, containing planar [Co( TEP),}** and tetrahedral 
CoBr,? 

Square planar complexes of cobalt(II) with o-phenylenebis(dimethylarsine) 
containing two molecules of base, [Co(PDA),]X,, have been isolated.“® With 
cobalt(I1), ethylenediamine is inclined to form six-co-ordinate complexes containing 
three molecules of base,'*® so that diphosphine tends to resemble the diarsine chelating 
agent 

Both of the brown iodo cobalt complexes, [Co(TEP),I,]I and Co(TE P).I,, can 
be changed to green by heating for long periods in vacuo over phosphorus(V) oxide. 
[races of moisture turn the complexes brown and reheating turns them green again. 
Green and brown Co(TEP),I, give the same analysis, but Co(TEP),I, loses approxi- 
mately 10 per cent of its diphosphine on such treatment. Too much heating converts 
them into blue compounds. Green Co(TEP),I, has a magnetic moment of 3-9 B.M. 
(three unpaired electrons), but enough green Co(TEP).1, was not available for a 
magnetic measurement. The infra-red spectra of these two green compounds and that 
of green [Co(TEP),] CoBr, are very similar. The main feature of their spectra is a 
quite broad absorption frequency at approximately 1100cm~!. This similarity, 
along with the magnetic moment of green Co(TEP),I,, might be interpreted as 
suggesting a similarity in structure for all of these compounds. 

Vickel complexes. Two diphosphine complexes with the formula Ni(TEP)X, 
(X = Cl, Br) were prepared. The chloro compound contained only one molecule 
of diphosphine even though a 2:1 ratio of diphosphine to nickel was used in its 
preparation. With the very poor co-ordinating anion, perchlorate, the 2 : 1 complex 
[Ni(TEP),)(ClO,), was isolated. All of the complexes are diamagnetic, indicating 
a square planar structure. 

\ttempts to oxidize Ni(TEP)CI, with chlorine in solution, suspension or in the 
solid state led to unstable or ill-defined products. Oxidation of a dilute solution of 
Ni(TEP)Br, in benzene by bromine gave a green-black precipitate which analysed 
fairly well for the empirical formula Ni(TEP)Br,. The magnetic moment of this 
complex was 2-0 B.M., indicating one unpaired electron and confirming the presence 
of nickel(III). The complex was very insoluble in water, but in solvents such as 
ethanol, acetone and chloroform, in which it was slightly soluble, it appeared to 
give momentarily a green solution which then turned brown. The green colour 
persisted longest in nitrobenzene, in which it was essentially non-conducting. This 
indicates a five-co-ordinate structure, ignoring any possible co-ordination by nitro- 
benzene. The evidence seems to indicate a polymeric octahedral nickelt 111) compound 
R. S. Nywoim, J. Chem. Soc. 2071 (1950) 


J. Bserrum, G. SCHWARZENBACH and L. G. SILLEN. Srabilit Constants, Part 1: Organic Liquids p. § 


The Chemical Society, London (1957) 
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in the solid state which tends to decompose when it is dissolved, rather than a penta- 
co-ordinate square pyramid such as found for Ni(PI t,).Br,."*" 

Cuatr and have prepared Ni(TEP\(CO),, which contains nickel(O) and 
tetraethylethylenediphosphine. Attempts to co-ordinate two molecules of diphos- 
phine failed. With o-phenylenebis(diethylphosphine) (PI P) (Formula I, M==M’'= P, 
R = C,H;) a compound of analogous composition is formed, as well as a com- 
plex containing only the phenylenediphosphine, Ni(PEP),. 

Complexes of nickel(I]) with o-phenylenebis(dimethylarsine) containing one, two 
or three molecules of base have been isolated,'**) the one containing two molecules 
being most easily prepared. It is believed to be five-co-ordinate in nitrobenzene. 
Oxidation to nickel(II])” and even nickel( TV) has been accomplished. Nickel(0) 
compounds containing one’ and two” molecules of diarsine have been prepared. 
Ethylenediamine and nickel(II) tend to form tris compounds, but this tendency is 
reduced with N-monoalkyl derivatives and still further decreased with N-N -dialkyl- 


ethylenediamines. A bis complex of N,N -dimethylethylenediamine has been 
prepared,’ but attempts to form complexes of nickel and N,N,N’,N -tetramethyl- 
ethylenediamine were unsuccessful. In composition and ability to stabilize the 
different oxidation states of nickel, tetraethyldiphosphine more closely resembles 
the diarsines. 

Coinage metal complexes. The silver(l) and copper(I) complexes isolated, [Cu 
(TEP),)[Cu(TEP)I,] and [Ag(TEP),JAgl,, are very similar. The ionic structures are 
assigned on the basis of the conductivities in nitrobenzene. The conductivity of the 
silver compound is lower than the 20-30 mhos usually found for | : 1 electrolytes, 
a property in which it resembles the analogous silver compound of o-diethylphos- 
phinophenyldiethylarsine®”’ (Formula I, M = P, M’ As, M = C,H,, abbreviated 
P-As). Copper(I) compounds of the general formula [M(P As),JA in which A is 
1alogen or CuX,~ (X = Cl,Br) as well as the silver(1) compound, in which A is 
iodide, have normal conductivities, but the silver complex in which A is Agl,~ has 
a lower conductivity. The explanation suggested is a dissociation into a neutral 
three-co-ordinate species: 


[Ag(base),]Agl, =* 2 Ag(base)I 

Attempts to resolve the compounds [Cu(P-As),]I and [Au(P-As),]I were not 
successful, but X-ray studies proved they were tetrahedral. Copper complexes of 
diarsines°.™ have similar formulas and are thought to be tetrahedral. ¢ opper(1) 
and silver(1) iodo monophosphines have a tetrameric structure [M(PR JI], in which 
the central atoms are tetrahedral.'*" 

Silver(1) and ethylenediamine (en) form the compounds [AgH(en)?*, Ag(en)*, 
Ag,fen)’*, Ag(en),* as well as the dimer Ag,en,?*.") The silver is probably linear 
in all of them and the ethylenediamine monodentate or bridging. Cryoscopic measure- 
ments on [Ag,en,]SO, support the dimeric structure which probably contains a 


*") K. A. Jensen and B. NyGAarp, Acta. Chem. Scand. 3, 474 (1949) 
*' R. S. Nywoim, J. Chem. Soc. (a) 2061 (1950): (b) 2906 (1952) 

R. S. J. Chem. Soc. 2602 (1951) 

*) F. G. Mann, D. Purpie and A. F. Wetts, J. Chem. Soc. 1503 (1936): 1828 (1937) F. G. MANN and 


A. F. Wetis, Nature, Lond. 140, 502 (1937); A. F. Wewts. Z. Krist 94, 447 (1936) 
G. SCHWARZENBACH, H. AKERMAN, B. Matssen and G. ANDeREGG. HM: Chim. Acta 38, 2337 (1952); 


P. Jos, C. R. Acad. Sci., Paris 176, 442 (1923): 184, 1066 (1927) 
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ten-membered ring. Copper(l) forms the compound Cu(en),* in which ethylene- 
Thus, in its ability to form four-co-ordinate compounds 
with silver(1) and copper(I), the disphophine is similar to the diarsines. 

The gold(1) complex is of a different type, having the empirical formula Au, 


(26) 


diamine is monodentate. 


(TEP)I,. It is almost non-conducting in nitrobenzene. Its molecular weight of 


820 (ebulliscopic in chloroform) compared to the calculated 854-5 indicates that the 
diphosphine serves as a bridge. The gold is probably linear two-co-ordinate to give 
the structure [Au(TEP)Aul. The difference in behaviour of gold(1) as compared to 
silver(I) and copper(I) is probably due to the reluctance of gold(1) to form four- 
co-ordinate structures. Yet 4-methyl-o-phenylenebis(diethylphosphine),'?°’ o-diethyl- 
and form com- 
plexes which contain two molecules of base and are four-coordinate. These phenylene 
chelates have a rigid structure in which the co-ordinating atoms are held ina position 
favorable for chelation, while tetraethylethylenediphosphine can form a bridge more 
readily. 

Oxidation of Au,(TEP)I, by iodine gives a black compound of the composition 
Au,(TEP)I,. It is probably also bridged, with the gold(III) having a square planar 
structure as ],Au(TEP)Aul;. This reaction is very similar to the oxidation of gold(1) 
monophosphine complexes, Au(PR,)X, to square planar gold(II1) compounds, 
Au(PR,)X,. "2728 

Oxidation of [Au(PDA),]l produces [Au(PDA),I,]I, which preliminary X-ray 
studies show to have a trans octahedral structure. Au(PDA ).( NO4), is five-coordinate 
in nitrobenzene, but completely ionized in water to four-co-ordinate [Au( PRA),}*, 
the perchlorate of which was also isolated.“® With ethylenediamine, gold(II1) forms 
the complexes [Au(en)X,]X and [Au(en),]X,'2" but these compounds were not 
prepared by oxidation of gold(1) complexes as are the diarsines and diphosphines. 
A bridging structure like that of Au.(TEP)I, has been postulated for (CH,),AuNH,- 
C,H,NH,Au(CHs,),.° With gold(II]) it is difficult to decide whether the diphosphine 
compound is more similar to those of ethylenediamine or of the diarsines. 

Zinc, cadmium and mercury complexes. Bromo compounds containing each of 
these metals with one mole of diphosphine were prepared. They are assigned the 
structure M(TEP)Br, on the basis of the non-conducting nature of the zinc and 
cadmium compounds in nitrobenzene. When cadmium bromide and diphosphine 
react, a complex of empirical formula Cd,(TEP),Br, is first precipitated. Recrystal- 
lization of this compound from dimethylformamide by addition of water gives the 
simple compound Cd(TEP)Br,. By dissolving one mole each of Cd(TI P)Br, and 
cadmium bromide in dimethylformamide and precipitating with water, followed by 
recrystallization in the same manner, Cd,(TEP),Br, is again obtained. The ease of 
conversion suggests that the tricadmium compound should be formulated as a mixed 
crystal 2Cd(TEP)Br,CdBr,, although bridged complexes of cadmium and mono- 
phosphines are well known. With similar treatment Zn(TE P)Br, did not give a 
compound containing greater than a | : | ratio of zinc to diphosphine. The mercury 


J. Bserrum, and E. J. Nietsen, Acta Chem. Scand. 2, 307 (1948): J. E. B. RANDLEs. J Chem. Soc. 802 
(1941) 
F. G. MANN and D. Purpir, J. Chem. Soc. 1235 (1940) 
M. F. Perutz and O. Weisz, J. Chem. Soc. 438 (1946) 

** B. P. Brock and J. C. Baitar, Jr., J. Amer. Chem. Soc. 73, 4722 (1951); C. S. Gipson and W. M. 
Cou.es, J. Chem. Soc. 2407 (1931) 
H. GILMAN and L. A. Woops, J. Amer. Chem. Soc. 70, 550 (1948) 
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compound, Hg(TEP)Br,, is very insoluble and could not be recrystallized from any 


solvent, so that the analysis is not as good as might be hoped. These compounds are 
probably tetrahedral like the monophosphine complexes 


With ethylenediamine, zinc, cadmium and mercury tend to form compounds 


containing three molecules of base. With tetraethylethylenediamine the compound 
Cd(base)Cl, has been isolated, but it is unstable in water." Precipitation of basic 


substances interfered with the determination of the Stability constants of zinc and 


dialkylethylenediamines. ' on Evidently, no compounds of diarsines with these metals 
have been prepared. 
Palladium complex. Reaction of ammonium tetrachloropalladate(Il) or dichloro- 


(tetrahydrogenethylenediaminetetraacetate)palladium(I1) five hydrate with a molar 
ratio of diphosphine gives the complex Pd( TEP)Cl.,. \ttempts to form a compound 
containing two molecules of diphosphine by allowing [Pd(NH J ICI, to react with 
two moles of diphosphine (charcoal catalyst) or by causing Pd(TEP)CI, to react with 
more diphosphine gave only the neutral mono(diphosphine) compound. With the 


thought that the chloride ion was such a good co-ordinating agent that it prevented 


the second molecule of diphosphine from reacting, the latter reaction was repeated 
in the presence of silver sulphate to precipitate the chloride. This procedure led to 
a white solid contaminated with palladium black which on recrystallization gave 


more palladium metal. The product may have been unstable [Pd(TEP),]SO,. 
The colourless palladium compound is probably monomeric Pd(TEP)CI, rather 


than [Pd(TEP),]PdCl,. Although no definite proof for this was obtained, all o- 
phenylene compounds of palladium with chloride conta ning one mole of base are 


yellow or colourless, while the compounds [Pd(base),]PdCl,, which are often inter- 
1,4) 


mediates, are much darker.” It is interesting that CHatr and Mann have 


isolated compounds of the type [Pd(base),}** with substituted o-phenylenediarsines, 


but under identical conditions substituted ethylenediarsines give complexes containing 


one molecule of base. This may again be due to the rigid structure of o-phenylene 


compounds, which makes it easier to crowd the alkyl groups around the metal. 


Many of the o-phenylene compounds in which the co-ordinating atoms are 


combinations of As, N and P, as well as ethylenediamines, form complexes of the 
compositions Pd(base)X, and Pd(base),.X, (X halogen). Most of the compounds 
are probably four-co-ordinate planar. However the Pd(PDA),X, complexes are 
1 : 1 electrolytes in nitrobenzene and have a tetragonal structure in the solid state. 
Pd(PDA).\(CIO,), is Dichloro- and dibromo-his(o-dimethyl- 
2 
aminophenyldiethylphosphine )palladium(11) are said to be five-co-ordinate in nitro- 


benzene and four-co-ordinate in water.‘ 
Preliminary attempts to prepare platinum(II) compounds of tetraethylethylene- 
diphosphine were unsuccessful. 
Lead complexes. Two compounds containing four-co-ordinate lead(II) were 
isolated. They were Pb(TEP)Br, and [Pb(TE P),(CIO,).. 


CONCLUSIONS 


In general, the co-ordinating ability of tetraethylethylenediphosphine is more 
similar to that of o-pheny lenebis(dimethy larsine) than that of ethylenediamine. Before 


a more valid comparison can be made, more information on the stability and chemical 


R. C. Evans, F. G. Mann, H. S. Peiser and D. Purpie. J. Chem. 1209 (1940) 
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reactions of the complexes is needed, particularly for the diarsines and diphosphines. 


n several cases the difference between tetraethylethylenediphosphine and ethylene- 


diamine is due to the tendency of ethylenediamine to expand the co-ordination 


number of a metal. With substituted ethylenediamines this tendency is reduced, but 
a strict comparison is not valid because the reason for complexes of lower co-ordina- 
tion number for substituted ethylenediamines is due at least in part to reduced 
co-ordinating ability and not entirely due to steric factors. Attempts to co-ordinate 


ethylenediphosphine itself will be hampered by its reported instability. 7 


Probably the principal reason for the similarity of diphosphine and diarsines is 


the ability of both to form z-bonds. Arsenic and phosphorus atoms, but not nitrogen, 


vave vacant d-orbitals so that partial double bonding can occur with metals which 


| 


diphosphines and diarsines to stabilize both lower and higher oxidation states of 


nickel is probably due to their ability to 7-bond.°.** 


EXPERIMENTAI 


osphine 


wee-necked standard taper round-bottomed flask with a side arm was fitted with an 


glass stirrer in One neck and a nitrogen inlet in another. The side arm was used as a gas outlet 
The third neck of the flask was used to add solids, attach a separatory funnel or asa place fora dipstick 
which was used to bubble phosphine into the solution 

Air was flushed out of the system with nitrogen, which was used as a blanket throughout the 
experiment, and the apparatus was cooled to 78° with dry ice Approximately 600 ml of liquid 
amn i was introduced and 7-22 g (0-31 mole) of sodium was dissolved in it. Dry phosphine was 


bubbled thri ugh the solution with stirring until the blue colour changed to light yellow. The excess 
phosphine was purged with nitrogen and the dipstick was removed. The small amount of white 
precipitate present, probably sodium hydroxide, is not harmful 

With the stirrer running, 33-9 g (0-31 mole) of ethyl bromide was added dropwise and stirring was 
continued for 15 min after addition was completed. If the sodium bromide which precipitated during 
the reaction was allowed to settle, the solution was clear. A suspension of sodium amide, freshly 
prepared from 8-09 g (0-35 mole; 10 per cent excess) of sodium in approximately 100 ml of liquid 
immonia was added and the mixture was stirred for | hr. This produced a green colour. The 
repeat addition of ethyl bromide discharged the green colour. Addition of more sodium amide turned 
the mixture red-orange After one hour's suirring, it was deep red Then ethylenedichloride was 
added dropwise with stirring until the red colour was discharged. Stirring was continued for 15 min 
The amount of ethylenedichloride required was 13-8 g (theor. 15-4 g, 0-155 mole). The dry-ice bath 
was removed and the liquid ammonia was allowed to evaporate 

Two hundred millilitres of oxygen-free water (used throughout) and 300 ml of ethyl ether were 
added and the mixture was stirred until all the salts had dissolved. The mixture was transferred to a 


separatin 


funnel, and the water layer and dark solids (elemental iron from sodium amide preparation) 


were separated and washed with 75 ml of ether. The combined ether extracts were washed with three 
150 ml portions of water and dried over anhydrous sodium sulphate. The ether was removed under 
diminished pressure; the temperature of the distilling flask was then increased to 100° for a few 
minutes to make sure that all excess starting materials and lower phosphines were removed. The 


yield of crude product was 17-5 g(54 percent). The yellow liquid was used without further purification 


Tetraethylethylenediphosphine dihydroiodide 


A solution of 1-4 ml of concentrated hydroiodic acid was added to 0-26 g (1-26 mmoles) of the 
crude diphosphine. The reaction mixture was evaporated almost to dryness and precipitated with 
absolute alcohol. The crystals were dissolved in a few drops of water and heated on a steam bath 

*' J. Cuatt, J. Inorg. Nucl. Chem. 8, 515 (1958); J. Cuatrt and R. G. Wirkins, J. Chem. Soc. 4300 (1952): 


L. E. Sutton, J. /norg. Nucl. Chem. 8, 23 (1958); R. S. NyHoum, Chem. Rev. $3, 263 (1953) 
K. W. Greencer and A. L. Henne, /norg. Synth. 2, 128 (1946) 
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Twenty-five millilitres of absolute ethanol was added dropwise 


| ind the solution w is owed t » cool 
slowly to room ten perature. Then it was cooled in ce-bat! ¢ crystals which formed were 
collected on a filter and washed with ethanol After two recryst tions, the c ess crystals 
were dried in vacuo over phosphorus(V) oxide. The compound d i isharpt > point 


but the major portion of it melts at 181-183 (Found: C, 25-99: H, 5-85: |. §$-90. ¢ 
Ci oH,,P,1,: C, 25-99: H, 5-67: 1. $4-93 ) 


Jiphosphine complexe 
Diphosphine ce plexes 


All of the complexes were dried in vacuo over phosphorus( V) oxide. If the temper ire used was 
other than room temperature. it is listed. Most of the analytic data* as well as the magnetic 


moments and conductivities are shown in the tables 


TABLE 2 MAGNETIC MOMENTS OF DIPHOSPHIN: COMPLEXES 


Temp 
Compounds 


(B.M.) 


[Co(TEP), |, 
[(Co(TEP). Br. |Br 30-0 sl. p gnetic 
[Co(TEP),Cl, JCI 26°5 diamagnet 
Co(TEP), I 29-0 2-2 
[(Co(TEP), |CoBr, 


Ni TEP)Br, 2 neti 
Ni 28-0 dian ti 
[Ni TEP),} (CIO,), 27-5 dian 
Niu TEP)Br 


iodide, (Co(TEP),I1 


cobalt( 11) todide in 2 m! of water and 10 ml of ethanol was 


at llo #& vacuo for 53 hr over phosphorus(V) oxide The sample 1 green, but d se 
diphosphine. (Found: C, 28-08: H. 5-69. Cale. for ¢ C.,H,.P,! C, 28-19: H, 

bromide. A itix 0-22 ¢ (1 mmole) 
of cobalt(1]) bromide in 5 ml! of ethanol was poured into a flask ¢ 0-42 noles) of 
diphosphine in 15 ml ethanol. The mixture was refluxed for 2 hr while air bubbled through it. After 
evapora ) to dryness, the [Co(TEP).Br IBr was recrystallized from ter and dried 

Dichloro-bis-diphosphine cobalt MW) chloride. (Co(TEP).C1. I compound was prepared in 
the same manner as [Co(TEP).Br One-half gramme (2-4? es) of diphosp 0-29 
(1-22 mmoles) of cobalt(1l) chloride six hydrate, and 0-21 ml of 6 N hydrochloric acid 10 ml of 
ethanol were allowed to react for 1-Shr. The vield was 0 sig (4 r cent). [Co(TEP),Cl. ICI is 
soluble in water, ethanol, acetone, chloroform. bromoform aad nitrobenzene. It is almost insoluble 
in benzene and carbon tetrachloride 

Diiodo-bis-(diphosphine)cobalt(i), Co(TEP) I,. This compound is very sensitive to oxidation so 
that all operations after addition of the diphosphine vere carried nder a nitrogen blanket \ 
filtered solution of 0-15 g (1-26 mmoles) of cobalt(Il) carbonate d 1! in 0-46 ml of 47 per cent 
hydroiodic acid and 3 ml of water was added to a boil ng solution of 2:50 les) of diphosphine 


in 7 ml of ethanol. Boiling water ( ipproximately 20 ml) was slowly added until brown needles 


* The microanalyses were performed by Mr. J NemetH, Mrs. M. Benassi, Mr. R. Nesserr and 
Mrs. R 
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TABLE 3.—DIPHOSPHINE COMPLEXES PREPARED 
Calculated Found 
Compound Colour 
H xX H xX 
[Co(TEP), 1, dark-brown 28:19 5-68 44-68 28:22 599 45-11 
[(Co(TEP),Br,|Br green 33-77 680 33-71 34:15 7-28 33-32 
[(Co(TEP),Cl, JCI light green 41-57 837 18-41 41-58 868 1831 
Co(TEP),I, brown 33-12 667 35-00 33-05 696 33-70 
[Co( TEP), |CoBr, green 28:26 569 37-61 27-91 5-76 38-32 
NifTEP)Br, red-brown 28:27 5-70 37-63 28-20 37-55 
Ni(TEP)CI, yellow-brown 35-76 7-20 21-11 35-82 7-13 21-40 
[Ni( TEP),] (CIO,). vellow 35-84 7-22 36:23 7-11 
Ni(TEP)Br green-black 23-80 4:79 47-50 24-04 5-45 46-12 
(Cu(TEP),] (Cu(TEP)I,] colourless 36-04 7:26 25-41 36-22 6-97 25-36 
[Ag( TEP), colourless 97-33 «§-49 26-63 5-50 
[Au(TEP)Aul colourless 14-05 2-83 46-16" 14:27 2-91 46-33* 
1,Au(TEP)Aul black 8-82 1-78 55-90 9-16 1:80 54-58 
Zn(TEP)Br, colourless 27-84 §61 37-04 27-87 §60 37-23 
Cd(TEP)Br colourless 25:10 506 33-40 24:76 495 33-54 
Cd,(TEP).Br colourless 19-54 3-94 19-97 4-37 
He(TEP)Br colourless 21:19 427 28-20 19-72 402 28-91 
TEP)C! colourless 31-29 630 18-47 31-06 19-07 
Pb(TEP)Br, colourless 20-95 4:22 27-88 20-73 453 27-22 
[Pb(TEP).]} (C1O,). colourless 29-34 5-91 29:10 5-73 
* Gold analysis 
formed. The mixture was cooled in an ice-bath and the Co(TEP).1, was collected on a filter. Part of 
the sample was recrystallized by dissolving in ethanol and precipitating with water 
Effect of heat on diiodo-bis-(diphosphine)cobalt(l). A sample of Co(TEP),1, was heated in vacuo 
over phosphorus(V) oxide for 12 hr at 122 followed by 12 hr at 130. It turned green and lost some 
diphosp e (~10 per cent), as indicated by the analysis and by the odour of phosphine when the 
pparatus was opened. The magnetic moment of the mixture is 3-9 B.M. (Diamagnetic correction 
based on Co(TEP).1,.) 
Four Cale. for Calc. for 
ound Co(TEP),1,  Co(TEP)I, 
( 30-16 33-12 23-14 
H 6-05 6-67 4-66 


Bis-(diphosphine)cobalt(\l) To 025 (1-14 mmoles) of 
cobalt(Il) bromide in 3 ml of hot absolute ethanol was added a solution of 0-43 g (2-08 mmoles) of 
diphosphine in 2 ml of the same solvent he blue solution turned green, and on standing a green 
precipitate formed. After cooling in an ice-bath, the product was collected on a filter. When recrystal- 


lized from isopropyl alcohol, it became sticky, but it dried out at 50° to a green solid. [Co(TEP),] 
CoBr, is soluble in water, methanol, ethanol, chloroform and acetone. 
Dibromodiphosphinenickel(1), Ni(TEP)Br,. A hot solution of 0-38 g (1:74 mmoles) of nickel(I1) 


bromide in 4 ml of absolute ethanol was added to 0-36 g (1-74 mmoles) of diphosphine in 2 ml of 
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absolute ethanol. Brown crystals formed on cooling. The Ni(TEP)Br, was recrystallized from 
absolute alcohol and dried at 35°: m p., 213 

Dic hlorodiphosphinenickel(), Ni(TEP)C l,. A solution of 1-39 g (5-8 mmoles) of nickel(I]) chloride 
six hydrate in 20 ml of absolute alcohol was added to 2-39 g (11-6 mn les) of diphosphine in 15 ml 
of absolute ethanol. The resulting yellow-brown solution was evaporated until crystals formed, and 
was then cooled. Further evaporation gave a second crop of crystals. After recrystallization of the 
combined precipitates from absolute ethanol, 1-7 ¢ of Ni(TEP)CI. was obtained (89 per 


cent yield 

based on NiCl,-6H,O). Part was again recrystallized and dried at 100°: m p. (decomp.), 245-249 

Bis(diphosphine)nickel (1) perchlorate. (Ni(TEP),(CIO,),. Nickell) perchlorate six hydrate 
(0-42 g, 1-14 mmoles) was dissolved in 5 ml of absolute ethanol and added to 0-47 g (2:28 mmoles) of 
diphosphine. The yellow precipitate which formed immediately was recrystallized from methanol 
and dried at 55 

Ni(TEP)Br,. A benzene solution containing 0-O1SI1 (0-094 
mmole) of bromme was added to a filtered solution of 0-08 g (0°189 mmole) of Ni(TEP).Br, in 80 
ml of warm benzene. After cooling, the green-black precipitate was collected on a filter. and 
washed with benzene and ethyl ether 

Bis-(diphosphine )copper(\) diiododiphosphinecuprate(\), (Cu(TEP),) [Cu(TI P)l,). A mixture of 


0-32 2 (1-55 mmoles) of diphosphine and 0-46 g (2-41 mmoles) of copper(I) iodide in 5 ml of potassium 


iodide solution (saturated at room temperature) was shaken for 4 hr der nitrogen. The precipitate 
which formed was collected on a filter, washed with potassium iodide solution and water, recrystallized 
from benzene, and dried at 100°. [Cu(TI P),] (Cu(TEP)I,] is insoluble in water, ethanol and acetone 
m.p., 181-183 


Bis-(diphosphine)silver(1) diiodoargentate(1). [Ag(TEP),JAgl,. This c mpound was prepared in the 


same manner as the copper(1) compound, using 0-52 g (2-21 mmoles) of freshly prepared silver iodide 
and 0-45 g (2-18 mmoles) of diph sphine in 10 ml of potassium iodide s tion and shaking 17 hr. The 
colourless material was recrystallized from nitrobenzene, washed w Denzene and ethyl ether. and 
dried 

Diiodo-j:-diphosphinedigold(\), \Au(TEP)Aul. A solution of 0-5 g (2-42 mmoles) of dip osphine 
in 10 ml of ethanol was added to 20 ml of ethanol saturated with sodiu idide (at room te c re) 
The solution was heated t ’ boiling inder a nitrogen blanket and 0-78 ¢(2-41 mmoles) of gold(l) iodide 
was slowly added with r ipid stirring. White crystals formed in the b ysolution. The mixture was 
cooled and the precipitate of Au,(TI P)I, was collected on a filter and recrystallized from acetone. The 
molecular weight, determined ebul scopically in chloroform, is 820 (Calc. 854-5) 

Hexaiodo-s-diphosphinedigold(l), 1,Au(TEP)Aul Two m es of chloroform containing 
0-072 g (0-283 mmole) of iodine was idded to 0-12 g (0-141 mmole) of Au.(TEP)I, in 5p f chloro 
form. The black crystalline precipitate which formed was collected, washed with c iloroform, and 
dried 

Dibromodiphosphin zinc, 7M TH P)Br, A solution of 0-48 g (2 13 ] es) of zinc bromide in 3 ml 
of absolute ethan 1 was added to 0-44 g (2-12 mmoles) of diphosp ¢ 2 ml of the same solvent. A 
white precipitate formed which ch inged into an oil. When cooled ir ce-bath, the oil solidified and 
the crude product was collected on a filter. To recrystallize the product, it was dissolved in hot 
dimethylformamide, the solution was filtered and while it was being 1, water was slow ided 
until the solution became cloudy. It was heated for an additional 1 ¢ or two and cooled. The 
Zn TEP)Br was collected on a filter and dried It is also soluble C form 

Bromodiphosphine-cadmium complexes. A solution of 1-23 9 (4-52 oles) Of cadmium bromide 
in 10 ml of 50-50 alcohol-water mixture was added to 0-93 g (4-51 mmoles) of d phosphine. A white 
precipitate formed immediately, but the mixture was shaken for 3 hr t ike sure the reaction was 


complete. The crude material was recrystallized by the method used for Zn(TI P)Br, and dried at 
110°. The product was Cd,(TEP),Br 
A sample of Cd,(TEP),Br, was recrystallized from dimethylformamide by adding water. and was 


dried at 55°. This yielded the simple complex Cd(TEP)Br,. Cd(TEP)Br, can be converted b ick to 
Cd,(TEP),Br, by reaction with cadmium bromide (1 | molar ratio) limethylformamide followed 
precipitation with water and recrystallization. The nature of the compound which precipitates must by 
depend on the relative amounts of Cd(TI P)Br, and CdBr, present 

Dichlorodiphosphin palladium), Pa(TEP)CI,. A hot solution of 0-25 ¢ (1 4mmoles) of palladium- 


(II) chloride and 0-15 g (2-8 mmoles) of ammonium chloride in 10 ml of water was added to 0-29 g 
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Abstract—The hydrogen reduction of y-UO, to UO, was studied by X-ray examin ition of quenched 


samples and kinetic observations over the temperature range, 450-550°C, and hydrogen partial 
pressures between | and | atm. The data were interpreted in tern i three consecutive reactions 
UO > I > ©. In both the first third Steps tw d phases 
are present; it is postulated that the second step involves the hor . c Is transit nh Detween the 
upper and lower limits of the U,O, structure. The rate of reaction lirectly proportiona surface 
area. Rate data obtained for the first and third steps of the react ire expressed as a function of 
temperature and hydrogen partial pressure: Rate (per unit surface) KP*exp(—E/RT). The 
pressure dependence exponent, n, is approximately 0-8. The activat energy, E, is 25-2 0 kcal 
mole for the reaction, | Q), and 30-6 1-8 kcal mole for reaction. U.O 


THE commercial processing of uranium ore concentrates involves the conversion of 
uranyl nitrate hexahydrate (UNH) to y-U¢ ), (Orange oxide) by thermal decomposition, 


followed by reduction of this oxide to | O, with dissociated ammonia at elevated 


temperatures.’ The reduction reaction is of interest from both a practical standpoint 


and as a study related to the uranium oxygen system 


Although phase relationships in the uranium Oxygen system have not been fully 


defined, many of the oxides of multi-valenced uranium have been characterized. 


and their limits of homogeneous composition established with reasonable reliability 


Only a brief summary of this system is given here: for more detailed descriptions, 
see Katz and and Hoekstra and among 


others. 

The oxides, UO,, U,O,, | 0,, U;0,,(U0,.,), U,O, and UO,, have been sub- 
stantiated. The upper composition limit of cubic | QO, increases with temperature: 
the composition range extends to | O,, at 500°C™ and to UO,, at 1160°C% 


Cubic U,O, extends over only a narrow domain. Tetragonal U,O, is unstable above 


500°C, disproportionating into 49, and an orthorhombic phase." The lower 
limit of orthorhombic U,O, has been reported as UO, ., at 500°C by GRONVOLD™, 
while Hoekstra et have found between the composition limits UO, and 


* This paper is based on the work performed for the Atomic Energy Commission by the National 
Lead Company of Ohio 
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Hill, New York (1951) 
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UO, ,.; another orthorhombic phase, UO,., (U;O,,), which is very similar to U,O,. 
The latter authors also reported a metastable, //-orthorhombic form of U,O, and 
above 400°C, a hexagonal form of U,O,. The “U,0,” phase reported by RUNDLE ef 
al.” corresponds to U,;O,,, mentioned above. The region, U,O,-UQs,, has been 
observed as both heterogeneous and homogeneous, depending on the thermal history 


of the sample. 

Uranium trioxide exists in at least five crystalline modifications and an amorphous 
form. Using the nomenclature introduced by Hoekstra and SirGet™, these crystal- 
line forms are x (hexagonal), / (unknown structure), 7 (probably orthorhombic), 
6 (cubic), and e (unknown structure). The most stable form, 7-UOs,, has frequently 
been referred to as Type III, and is the form used in the study reported here. 

In preliminary kinetic studies of the hydrogen reduction of UOs, a variety of 
rate types were observed, many of them indeterminate but some of which approxi- 
mated either linear, phase boundary limited or first order rates. This diversity of 
results suggested that the samples used differed in their physical properties, and that 
gross particle effects were obscuring the true kinetics. Since a linear rate (that ts, a 


zero-order reaction) was the least encumbered of the various types observed, orange 
oxide samples which exhibited linear rates were used for the X-ray and kinetic study 
reported here. 

MATERIALS AND METHODS 


-UO, was prepared by the thermal decomposition of purified uranyl nitrate hexahydrate. Rate 


data were obtained with sample D-3: the X-ray study was conducted with sample C-2. Both samples, 
as originally prepared, contained nitrate and water (see Table 1). These impurities were driven off 
TABLE 1.—-COMPOSITION AND PROPERTIES OF UO, SAMPLES Vol, 
D-3 C-2 1960 
U content ( ) 80-65 83-02 
H.O content (",) 2°62 0-10 
NO. content ( ) 0-47 0-26 
content 0-20 0-09 
Specific surface area* (m* g) 3-4 
Mean particle size? 0-23 0-30 
Real density* (g/cm*) 7°73 7-62 
° Deterr ned ifter if ng off tc ind I trate Dy heating it SOO ¢ lor 10 m 
Assuming that all particles exposed to gaseous contact are uniformly sized spheres or cubes, their 
r i ‘ter or ed 1 (d) is calculated as 
6 
d = 
p(SA) 
where p real density SA specific surface area 


immediately prior to making a kinetic run or preparing a partially reduced sample by heating for 
15 min in the thermobalance at the temperature of the projected reduction, in an atmosphere of 
flowing helium. Both samples contained only trace amounts of cationic impurities 

Reaction rates were determined with an automatic recording thermobalance. The sample was 


suspended from a Gram-atic Model 1-910 balance and the weight was recorded continuously on a 


* R. E. Runoie, N. C. BAenzicer, A. S. WiLson and R. A. McDona.p, J. Amer. Chem. Soc. 70,99 (1948) 
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Schaevitz-modified Brown recorder which sensed the beam deflexion by means of a linear variable 
differential transformer mounted on the balance Recorded weights were accurate to ~ 0-5 mg and 
had a maximum range of 100 mg. The reaction tube was of quarts cm in diameter by 43 cm long, 
heated by a vertically -mounted tube furnace and controlled isothert DV a West M viel JS St piess 
Controller. Reaction temperatures were determined with a calibr thermocouple mounted just 
below the sa iple pan. The temperature during a run was constant within 1 C, and the estimated 
accuracy was 5 

For rate determinations, a 1-600 ¢ s; mple of D-3 orange oxide screened to 150 200 mesh 
size was placed in a 200-mesh platinum gauze basket 5-5cm in diameter. f rming a ver about 
0-2 mm thick After the loaded basket was suspended in the pre d reac 1 chamb m 
was allowed to flow for 15 min before admitting hyd: ven. During me temperature eg brium 
was attained and the nitrate and water content of the UO. was <¢ en off. The origir sample 
weight was therefore corrected to give the true UO weight, 1-552 I calculated we t loss for 
reduction to UO, is 87 mg. The observed losses were &6 87mg. At ras flow of 41/n vas used: 
hydrogen partial pressures of less than one atmosphere were ol ed by dilution with helium 
Cylinder hydrogen was used directly: the helium was oxygen-gettere: nd dried by passage over hot 


UO,, Drierite, and magnesium perchlorate 


The X ray study was conducted with sample ¢ 2 because the D 3 erial w is no longer iva lable 
The ¢ 2 oxide was selected because its reduction curves were very ir to those of D-3 Partially 
reduced samples were prepared in the thermobalance by reducing the desired compositions (as 
calculated after correct ng for loss of water and nitr ite) at about 400°C with H ata ‘ partial 
pressure. These mild reduction conditions were necessary in order iit the reaction at the desired 
degree of conversion. Samples were quenched in a helium atmosphere by cooling the reaction tube 
vith an air stream. Visual examination of the q venched sample s form colouri roug! 
out the entire bed, thus indicating homogeneous reaction The c sition of the products was 
determined accurately by calcining a weighed portion to U,O, (301 S50 C in air). The product 
composition determined in this manner agreed with the calculated \ e within 0-02 moles of oxvgen 
and the estimated accuracy was — 0-01 moles of oxygen per mole ura X-ray diffraction patterns 
were obtained by means of a Norelco unit. using nickel filtered Cu radiation and a 114-6 mm 


KINETICS 
Investigation of external physical factors that might be expected to affect the 
observed reduction rate gave the following results 
Sample size. For 0-5-4 g samples, the rate of reaction per gramme of sample 
and the time required to reach any given fraction of conversion were independent of 
the sample size. For larger samples, heat given off by the exothermic reaction tempo- 


rarily upset isothermal conditions. 
7 


Bed depth. Variation of sample bed depth under | mm thickness had no effect 
on the reaction rate. 
Gas flow rate. At 1 atm pressure, increasing the hydrogen flow from | to 4 1/min 


had no effect on the reaction rate. 

Particle size. For a sample of 4 m*/g surface area (equivalent to a mean particle 
size of 0-2 «), identical reaction rates were obtained for gross particle size cuts of 
0-5, 5-10, 10-60 and 0-105 wu. 

From the above observations, it was concluded that the reduction rates per 
gramme of UO, observed for sample D-3 under the test conditions employed were 
independent of sample size, bed depth, gas flow rate and particle size. 

Since surface area is a primary variable in a gas-solid reaction, this factor was 
investigated considering (1) variations in the surface area of the | O, starting material, 
and (2) the change in surface area as the reduction progressed. Surface areas were 
determined by the BET method, nitrogen being used as the adsorbate. 

For orange oxide samples prepared in the laboratory under carefully controlled 
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conditions from a single UNH feed, where the specific surface area of the products 
was varied by altering the denitration conditions, the reduction rate per gramme was 
directly proportional to the specific surface area, as shown in Fig. I. 


Fic | Relationship between surface area and reduction rate of LO 
Reduction rates determined with 1°60 g samples at a temperature ol 
500 C and a hydrogen pressure of | atm 

The specific surface area of a given sample was shown to remain essentially 
constant during reduction. For orange oxide C-2 with a surface area of 2-6m/g, 
a partially reduced sample of composition UQOg.,, had an area of 2:1, and for composi- 
tion UO... 
the partially reduced products had areas of 5-0 and 5-2 m*/g at compositions UO,.., 
and UO,,.,;. respectively. In both cases, the area decrease at composition UO...) was 


the area was 2:2 m*/g. For another orange oxide with -75 m*/g area, 
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Some of the types of obser¢ed UO, reduction curves 
1—Pronounced two-step reaction 
2—No induction period; contains 2:5 per cent sulphate 
3—Pronounced three-step reaction 

> 4—-Extreme induction period; contains 0-5 per cent sulphate 

5—Phase-boundary type 

Reduction conditions: Temperature, 500°C; 

Hydrogen pressure, | atm 


about five times greater than the change calculated on a molar volume basis, indicating 

that some sintering had occurred. The small increase in area of the low oxygen 

compositions suggested that a limited amount of particle breakdown had occurred. 
The reduction curves of orange oxides exhibit a variety of shapes; Fig. 2 depicts 
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some of the varieties obtained. Both the manner of denitration of UNH and the 
use of additives in ppm amounts affect the shape of the curve and the over-all rate of 


reaction. Generally, those samples that reduced the fastest exhibited linear rates 


Time 


Fi 3 Typical reduction curves of orange oxide D-3 
Curve atm H,, 552 ( 
Curve 2—1I atm H,, 504 
Curve 3 itm H., 504 ¢ 
Curve 4—} atm H,, 504 ¢ 
Curve 5—} atm H,, 452 


and one or two relatively sudden rate changes. Samples of this type were considered 
to be more nearly representative of the true reaction kinetics, and the deviations of 
other types ascribed to particular physical characteristics of those types, such as 
degree and nature of agglomeration and distribution of particle and crystallite sizes. 
lypical reduction curves for D-3 orange oxide are shown in Fig. 3. These curves 
may be generally described as follows, in terms of increasing degree of conversion 
UO,-UO,,.,: increasing rate 
UO,.,,-UO,.,: constant rate 
UO,.,-UO,,.,: decreasing rate, with a linear region for 
the more slowly reacting samples 
UO,.¢-UO,, constant rate 
UO,, ».-UO,: decreasing rate 


Kinetically, the reduction was considered to consist of three stepwise reactions 


(1) the conversion of UO, to ~U,, 


(2) the conversion of ~UO,., to ~ Ut 


(3) the conversion of ~| QO, , to UO 


The accelerating portion of the first step reflects the approach to a steady state 
Che tailing during the last part of the third step may be caused by either nonuniform 
crystallite size or poor gas accessibility to the centers of some gross particles—it 
does not seem to be a systematic function of the degree of conversion. 

The linear regions of the first and third Steps, as specified above, were used to 
determine reaction rates for those steps, in milligrams of weight loss per sec per square 
metre of surface area, and are tabulated in Table 2. Rates are not given for the second 
step, UO,.,—» UO, ,, since the short duration of this reaction, particularly at the 
higher temperatures, did not permit the accurate determination of rates. 
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The temperature dependence of the first and third reaction steps was determined 
by least-squares treatment of Arrhenius plots. The activation energies were 25-2 + 
2-0 kcal and 30-6 +. 1-8 kcal for the first and third steps, respectively, at a hydrogen 
pressure of one atmosphere. The activation energy values obtained at the lower 
hydrogen pressures were within these 95 per cent confidence intervals. 


TABLE 2.—REDUCTION RATES OF UO,: SAMPLE D-3 


Rate (mg/sec per m* of UO, surface) 


First step Third step 
UO, U,O, UO, 


0-256 
0-160 
0-079 


0-141 
0-075 
0-041 


0-0761 


0-103 0-0438 
0-057 0-025? 
0-033 0-0129 
Vol, 
14 
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0-0302 
0-0175 
0-0107 


0-01056 
0-00622 
0-0038 


[he pressure dependence of both reaction rates was expressed as an exponential 
function of the hydrogen partial pressure, Rate < P". The value of n was determined 


by means of log-log plots, and was found to be 0-83 for the first step and 0-89 for 


the third step at 550°C, both values decreasing slightly at 500°, and then decreasing 
to 0-75 at 450 bd 
X-RAY STUDIES 


Diffraction data were obtained for fourteen samples prepared from C-2 oxide, 
covering the composition range UO, to UO,. The X-ray data, which are summarized 
in Table 3, suggest that y-UO, is reduced stepwise, first to a U,O,, phase, then to a 
U,0,. composition, and finally to UO,. 

The only phases detected at room temperature were y-UO,, orthorhombic U,O, 
and a cubic phase. Hexagonal U,O,, /-U,0,, U;0,, and U,O, were not observed. 
The X-ray data indicate that the cubic phase was UO,, and not U,O, or UO,,., 
throughout its entire range of observation. Arguments against the formation of 
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U,O, as a stable intermediate are also provided by the observation of the U,O, phase 
at compositions UO, »; and UO,,.,, and by the absence of a rate change at composition 
UO,.,; during reduction. However, the possibility of a UO,, phase cannot be ruled 
out. 


TABLE 3.—X-RAY DIFFRACTION DATA 


Phases 


( omposition* 


Cubic 


(Very weak) 


On se (Very weak) 


Os (Weak) 


oO (Very weak 


~ 


} that the phase is present 


* As determined by calcination to U,O 
Starting material sample C-2. The apparent oxygen content of this sample 
also includes nitrate and water 


Since X-ray diffraction is not very sensitive for minor components, the limits of 
detection of UO,, U,O, and y-UO, in admixtures with uranium oxides were deter- 


mined to provide a basis for correcting the observed compositions where a minor 


phase was first ot last detected. These lower limits were: 8°, y-UO, in | 10,, 2 
UO, in UO, and 9°, UO, in UO,, for samples crystallized at about 500°. Applica- 
tion of these factors to the data in Table 3 corrects the limits of composition of 


two-phase mixtures as follows: lower limit of »-UO, and U.Ox, UO,.9; upper 
limit of U,O, and UO,, UO,.;4; lower limit for U,O, and UO,, | Oca 
The early appearance of U,O, at a composition corresp nding to only 3°, U,O, 


suggests that kernels of U,O, are initially formed on the surface of the UO,. It also 


indicates that, under reduction conditions, there is no appreciable region of solid 
solution of U,O, in y-UO, 


DISCUSSION 


On the basis of the X-ray and kinetic data, it is postulated that the hydrogen 
reduction of 7-UO, proceeds in three consecutive reactions 


UO, U,0, (1) 
U,O,, —» U,0, (2) 
U,O, —» UO, (3) 


U0, 
ost 
q UO, 
4 UO, 
UO, 
UO, 
LO 
4 
60 
| 
a 
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The first reaction is the diphasic transformation of y-UO, to orthorhombic 
U,0,., the upper composition limit of U,O,. The second reaction is the homogeneous 
transition from the upper to the lower composition limits of the U,O, structure. 
Che third reaction is the conversion of U,O,_ to a cubic structure. The above reaction 
sequence requires that either equilibrium or a steady state be attained in the solid 
phase. This is possible if the rate of reaction is restricted at the surface of the solid, 
permitting oxygen to diffuse through the solid to the surface as fast as it is 
abstracted. 

Rate data, supported by the diffraction data, provide direct evidence that the 
reduction reaction is limited by the rate of surface reaction. In the simple case where 
solid A reacts with a gas to yield solid B, the conversion versus time curve is linear 
only* if the reaction rate is limited by a surface process such as adsorption, chemi- 
sorption or chemical reaction at active sites. Other rate-limiting mechanisms (diffu- 
sion, nucleation and growth, solid-solid phase interface reaction) yield parabolic, 
cubic, logarithmic, sigmoidal or other non-linear rate expressions. The various rate 
laws have been discussed by other authors."*.° In the more complex case, where 
solid A reacts with a gas to yield first solid B, then solid C and finally solid D, each 


reaction may be considered independently if each goes to completion in sequence, 


which the diffraction data indicate occurs in this case. The first reaction, UO, — 


U,O,°, is linear after an initial period of accelerating rate. This induction period 
probably indicates the time required to form a complete layer of U,O,, around 
each UO, crystallite, although it might also be caused by the time required for 
hydrogen to displace helium from all the micropores. 

[he rate of the second reaction, U,O,, —» U,O, , could not be quantitatively 
defined because of its short duration. However. during some of the slower reductions, 
this step did exhibit a linear portion. 

he third reaction, U,0,. —» UO,, is linear except for the final part of the conver- 
sion. This tailing might be caused by external physical factors, as mentioned before, 
or by the formation of a continuous series of non-stoicheiometric cubic oxides in 
the range UO,.,,-UO,,. 

Phase data are in agreement with the postulated three-step reaction sequence. The 
non-solubility of U,O, in UO, at least under some conditions, has been reported." 
and obtained compositions of the type U,O,, by decomposing 
UO, at various oxygen pressures. The U,O,_ structure has been established.-5.7-"! 


The upper limit of the cubic | QO, structure is about | O,., at the temperatures 


at which reduction was carried out 

Other reduction studies of uranium oxides also indicate that reduction occurs in 
a sequence of reactions. GRONVOLD™? found that the reduction of U,O, with hydrogen 
at 330 C yielded orthorhombic UO,.,;,. ARONSON and CLAYTON’ concluded that 
U ,O, was first reduced to UO, , (0-06 x > 0-10) and then to UQ,, at temperatures 
of 400-600°C. DeMarco and Menpet'™ observed that “high surface area” UO, 


lepend upon very special properties: the solid must be in the form 
ed prelerentia nh one direction through a untiorm cross 


asc 


J. Chem. Phys. 27, 137 (1957) 
Phys. Chem. 63, 697 (1959) 
Fr. 351 (1952) 
Nucl. Chem. 7, 384 (1958) 
Chem. 64, 132 (1960) 


62 

Vol. 

14 
1960 

. * Exceptions can be devised, but they 

ot t vial or th clo must 

section. Neither of these exceptions applic 

S. ARONSON, R. B. Roor, Jr iJ. Bes 

F. E. Massoru and W. E. H ev. Jn. J 

H. HerinGe and P. Peri Bu Soc. Chin 

Aronsow and J.C. Cray J. lnore 

R. E. DeMarco and M. G. Mennpet. J. 


X-Ray and kinetic study of the hydrogen reduction of »-UO, 63 


reduced first to UO,.;, and then to UO,. The oxidation of | O, was also found to 
occur as a two-reaction sequence: UO, U,0, and U,0,— U,O,. 


The rate of hydrogen reduction of y-UO, should therefore be considered in 


terms of the three sequential reactions that have been postulated. The rate of each 


individual reaction may be expressed by the general equation, 


Rate (in mg/sec per m*) = K P" exp (— E/RT) 


where A proportionality constant, P — partial pressure of hydrogen, n pressure 
dependence exponent, E activation energy. 

The values of the above constants for the reactions. | O,-—» U,0,, and U,O,. + 
UOQ,, are tabulated below: 


Reaction 


The values of n and / reported by ARONSON and CLayTon'™ and DEMARCO and 
MENDEL" and the values for K (mg/sec per m*) calculated from their data are listed 
below, for comparison with the above constants: ARONSON and CLAYTON (lt ,— 
UO,) 


Sample 


Surface Area (m? g) 1-75 0-45 
A 0-266 10° 0-162 10° 
n 0-7 0-7 


DeMarco and MENDEL (surface area, 26 m*/g) 


Reaction 


In a heterogeneous reaction, the surface characteristics of the solid mav greatly 
affect the rate of reaction. Since surface characteristics are notoriously variable, 


the preceding constants show relatively good agreement for corresponding reactions, 


with three exceptions. These are: (1) the high activation energy for UO,.;.—» UO,,. 


n O-8 O-8 
25-2 30-6 
B 
50 
UO, - UO,.,, UO,.;. UO,” 
A 1-81 10° 3620 10° 
n 0-6 0-4 
E 27-2 39-6 
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(2) the very large (20,000-fold) variation in K for the reaction leading to UO, and 
(3) the low values of n obtained by DEMARCO and MENDEL. 

No explanation is apparent for the large activation energy. It may have resulted 
from impurities." 

he large variation in the proportionality constant, K, which includes the factor, 
number of active sites per unit area, can be explained qualitatively. The U,O, samples 
of ARONSON and CLAYTON were prepared by a sintering and annealing technique 
which would tend to decrease the number of active sites per unit area, thus decreasing 
K. DeMarco and MENDEL started with an active, possibly metastable form of UO,, 
which on reduction to UO,.;, at low temperatures could easily yield a highly dis- 
oriented product with a high concentration of active sites. In the present work, the 
most stable form of UO, was used as a starting material, but the intermediate oxide 
was formed in situ and not annealed. Thus, an intermediate value would be expected 
lor K, as was observed. Another factor is the structure of the source material. U,O, 
was prepared from cubic UO,. The other oxides were derived from orthorhombic 
Structures. 

[he lower values of n were obtained by DEMARCO and MENDEL at 300-400°C, 
as compared to 400-600°'C by ARONSON and CLAyTON. In the present work, a 
corresponding variation of n with temperature was noted, the value decreasing from 
about 0-85 at 550°C to about 0-75 at 450°C. The fractional value of n. and its variation 
with temperature, are also evidence that the reduction reaction is limited by the rate 
of surface reaction. LANGMUIR’s treatment shows that as the fraction of available 
sites occupied increases from zero to unity, m decreases from one to zero." At 
lower temperatures, where the reaction rate is slower, a greater fraction of the avail- 
able sites should be occupied, thereby causing n to decrease, as observed. 

Based on Roperts’ work," it is probable that rate of chemisorption of hydrogen 
on the solid surface is the actual rate limiting step among the various surface processes. 
For a UO, surface, he finds that chemisorption occurs at measurable rates above 
400°C and that the activation energy is about 35 kcal. He concludes that his “‘results 


are compatible with hydrogen adsorption taking place on oxygen sites.” 
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THE SOLUBILITIES OF LANTHANUM CHLORIDE 
7-HYDRATE AND LANTHANUM CHLORIDE 6-HYDRATE 
IN WATER, AND A STUDY OF THE THERMAL 
DECOMPOSITION OF HYDRATED LANTHANUM 
CHLORIDE* 


J. E. Poweit and H. R. BURKHOLDER 
Institute for Atomic Research and Department of Chemistry, 
lowa State University, Ames, lowa 
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Abstract——Thermal decomposition of LaCl,7H,O results in the stepwise formation of LaCl,3H,O, 
LaCl,-H,O, LaCl, and LaOCl. Under proper conditions either LaCl,6H,O or LaCl,7H,O may 
separate from aqueous solutions of lanthanum chloride. The solubilities of the 6- and 7-hydrates at 


various temperatures are given 


Te solubility of LaCl,7H,O was measured in the 0-92° range by Frienp and HALE". 
If their data are plotted in terms of grammes of anhydrous LaCl, per 100 grammes of 
solution the results are fairly consistent, but when the data are plotted as grammes 
of LaCl,7H,O per 100g of water there is considerable deviation from a smooth 
curve. Although LaCl,6H,O has been described as triclinic by MARIGNAC™ who 
reported the axial ratios to be 1-1593 : | : 0-8659 and the angles to be z = 913" 5 8 
114° 28’; and » = 88° 12’, there has been some doubt about the actual existence of 
LaCl,6H,O. Soperstrom,” for example, obtained crystals of PrCl,7H,O which had 
the same form as MariGnac’s LaCl,6H,O. It is known, furthermore, that 
LaCl,:7H,O is the hydrate generally encountered. IvERONOVA a/.“*) more recently 
have reported the structure of triclinic LaCl,nH,O which they assigned to the space 
group C,'-P;. The lattice constants reported are: 

a 72 Z 

bh = 81 kX B = 72° 30’ 

c= 91kxX y = 81 
Since they did not assign a definite hydrate number to their material, their work does 
little toward clarifying the situation regarding the hydrates of lanthanum chloride. 

WENDLANDT™? studied the thermal decomposition of LaCl,7H,O on a thermo- 

balance, but due to his rapid rate of heating (54°C per min) he only found levels 
which corresponded to LaCl,7H,O, LaCl, and LaOCl. In the case of praseodymium 


chloride, however, he picked up the level corresponding to PrCl,H,O as well as levels 


* Contribution No. 792. Work was performed in the Ames Laboratory of the U.S. Atomic Energy 
Commission 
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for PrCl,7H,O, PrCl, and PrOCl. He failed to resolve the PrCl,3H,O level reported 
earlier by MatiGNon’ who prepared PrCl,7H,O, PrCl,6H,O, PrCl,3H,O, 
PrCl,H,O and PrCl,. Because of the fact that PrCl,3H,O was known, but not 
LaCl,3H,O, it was decided to study the thermal decomposition of LaCl,7H,O using 
a slower rate of decomposition than WENDLANDT used in his investigations. It was 
also decided to redetermine the solubility of LaCl,7H,O and to investigate the 
solubility of any other hydrates of lanthanum chloride which were stable in the 


presence of water. 


Preparation of the LaCl,;7H,O 


Five kilograms of La,O,, obtained in better than 99-9 per cent purity by the ion- 


exchange method of PoweLt and SpeppinG'’’, were dissolved in a slight excess of 


hydrochloric acid. The material was then recrystallized repeatedly from water to 
eliminate any excess acid. A sample of moist LaCl,7H,O that had been recrystallized 
six times was used in the following experiments. 


The thermal decomposition of LaCl,7H,O 


An old Christian Becker analytical balance was converted to a thermobalance by 
altering the left-hand pan support so that a small quartz rod fastened above the beam 
of the balance would project through a hole drilled in the top of the case. A small 
stainless steel platform was installed on the end of the quartz rod and encased in a 
vertically-mounted furnace, so that a small platinum-foil tray of hydrate could be 
warmed and weighed simultaneously. In order to avoid changes in the moisture content 
of the air surrounding the sample, the furnace was continually flushed with air that was 
first bubbled through a bottle of H,SO, solution (specific gravity = 1-337). This main- 
tained the partial pressure of water in the furnace equal to about 10 mm of mercury. 
The temperature of the furnace was regulated by means of a variable transformer and 
a Brown Electronik controller-recorder activated by an iron-constantan thermocouple. 
The essential features of the thermal balance are shown in Fig. 1. 

Samples of LaCl,7H,O, recrystallized from water six times and weighing 0-5-1-0 g, 
were placed in the thermobalance and slowly heated until a weight loss was observed. 
The temperature was then held constant by means of the controller until no further 
loss occurred. When evolution of water ceased, the temperature was again increased 
gradually until the next break appeared. Pronounced levels corresponding to 
LaCl,7H,O, LaCl,3H,O, LaCl,H,O and LaCl, were observed, although the 


temperatures at which the weight breaks appeared depended somewhat on the rate of 


rise of the temperature. In the best controlled experiment LaCl,7H,O was converted 
to LaCl,3H,O between 53 and 54°, LaCl,3H,O was converted to LaCl,H,O at 
90-96° and the monohydrate decomposed between 130 and 135°C. In all cases the 
loss of weight corresponding to the formation of anhydrous LaCl, was a few milli- 
grams high, indicating a small amount of hydrolysis to LaOCl, but the main decom- 
position to LaOC! did not occur until between 360 and 550°C. In WENDLANDT's 
experiment no further weight loss occurred from 680 to 850", indicating that LaOCl 


is quite stable. For details of the decomposition see Fig. 2. 


A. MATIGNON. Ann. Chim. Phys. (8) 8, 364 (1906). 
Powe tt and F. H. Speppinc, Chem. Engng. Progr. (Symposium Series) 55, No. 24, 101 (1959); 
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The solubility of LaCl,7H,O 


Varying amounts of water were added to samples of LaCl,7H,O contained in 
one-ounce serum bottles. The samples were heated until all the LaCl,7H,O dissolved 
and then cooled to the desired temperature in a thermostatically controlled oil bath 
(neoprene stoppers were used because of the oil). A small crystal of LaCl,7H,O was 
then added to each supersaturated solution and the phases were allowed to equilibrate 
24-48 hr. After equilibrium was attained, samples of the aqueous phase weighing 
about 0-5 g were withdrawn and weighed directly into crucibles which had been 
ignited to constant weight at 800°C. A millilitre of concentrated nitric acid was next 
added to each sample in order to convert the chloride to the nitrate. After standing 


g LaCl, 7H,0/100 g H,0 


Temperature, °C 


he solubility of lanthanum chloride 7-hydrate in water as a function of temperature 


about an hour at room temperature, the solutions were heated gently under an infra- 
red heat lamp until the evolution of brown fumes ceased. Then the samples were 
heated more strongly under heat lamps until a solid residue resulted. Next, the 
samples were heated carefully one at a time in the flame of a bunsen burner until the 
residue melted, decomposed with the evolution of brown fumes, and again solidified. 
Finally, the crucibles were reheated to 800°C in a muffle furnace, cooled over 
anhydrous magnesium perchlorate in a desiccator and reweighed. From the weight of 
oxide recovered and the original weight, the solubility of LaCl,7H,O per 100¢ 
of water was calculated. The data are tabulated in Table | and plotted in Fig. 3 along 
with the data of Frienp and HALE (/oc. cit.). Comparing two sets of data, it appears 
that either FrigNp and HALE’s supersaturated solutions had not yet attained 
equilibrium with the LaCl,7H,O phase or they allowed their oxide residues to absorb 
moisture during their weighing operations. In air La,O, rapidly absorbs moisture 
and CO,,. 
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The solubilities of lanthanum chloride 


The solubility of LaC\,6H,O 


During experiments at elevated temperatures, a solid phase was observed that was 
definitely not the usual LaCl,7H,O. When crystals of LaCl ,7H,O were heated above 


TABLE |.—THE soLUBILITY oF Lat 1,7H,O IN WaTerR* 


Temperature LaCl,7H,O/H,O Temperature LaCl,7H,O/H,O 
(C) (2/100 g) (C) (g/100 g) 


251-6 


10 258-9 70 512 
20 275-5 80 686 
25 284-5 90 1500 
294-9 94 6300 
40 321-7 95 J 
50 364-3 


95°C they melted to form a clear liquid. When this liquid was allowed to cool to about 
60°C and then shaken, a solid phase separated with the evolution of appreciable heat. 
When the mixture of fine crystals and the solution in equilibrium with them was cooled 
to about 37°, a transformation to the usual LaCl :7H,O took place with the evolution 
of more heat. It was found that the phase which separated at 60° would redissolve if 
the mixture were heated above 70°, but that the product which formed at 37° would 
not remelt until a temperature of 95° was reached. By carefully reheating the mixture 
resulting at 60° to about 70° so that most of the solid dissolved and then cooling 
slowly, crystals of fair size were obtained. After draining off as much of the syrupy 
saturated solution as possible, some of the crystals were dislodged and blotted between 
pieces of filter paper. This procedure was not entirely successful because the 
disturbance caused the less soluble LaCl ,7H,O to separate from the aqueous phase 
still clinging to the crystals of I aCl,6H,O, giving them a frosted appearance. Never- 


theless, analyses showed that these crystals contained between six and six and a half 
moles of water per mole of lanthanum chloride. It was concluded. therefore, that they 


TaBLe 2.—THE or Lat 1,6H,O IN WATER 
Temperature LaCl,6H,O/H,O Temperature g LaCl,6H,O/100 H,O 
(C) (g/100 g) (C) (g/100 


526 


45 576 65 1200 
50 621 70 2100 
55 750 71 


tv 
to 
= 
~ 


were the elusive LaCl,6H,O. It was subsequently possible to equilibrate mixtures of 
this new phase with its attendant solution at temperatures from 40° to 70°C and thus 
obtain solubility data. By pouring most of the water-rich phase off the crystals of 
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LaCl,6H,O, remelting the residue and allowing the phase to reform, it was possible 
to approach the composition LaCl,6H,O more closely and obtain solubility data at 
temperatures up to the neighbourhood of 72°C. Solubility data for LaCl,6H,O are 
given in Table 2 and the solubilities of LaCl,-7H,O and LaCl,6H,O are compared 
in Fig. 4. 
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Fic. 4 The solubility of lanthanum chloride 6-hydrate compared to the solubility of 


lanthanum chloride 7-hydrate. 


DISCUSSION 


It is apparent from the present work that lanthanum chloride forms |-, 3-, 6- and 
7-hydrates. Both LaCl,7H,O and LaCl,6H,O separate readily from aqueous 
solution under proper conditions, but LaCl,7H,O is the more stable of the two in the 
presence of water. The 6-hydrate is considerably more soluble in water than the 
7-hydrate. LaCl,3H,O, LaCl,H,O and LaCl, can be prepared by dehydrating 
LaCl,7H,O, but some hydrolysis occurs ynless the dehydration is carried out in an 
atmosphere of HCl. When LaCl,7H,O is heated to 800° in air, LaOCl is the end 
product. When heated at 53-54°C, LaCl,7H,O decomposes directly to LaCl,3H,O. 
Evidence of the intermediate hydrate, LaCl,6H,O, is not observed in thermolysis 
experiments. 
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ALKALINIOBATE—1 


LICHTABSORPTIONS- UND DIFFUSIONSMESSU NGEN 
AN ALKALINIOBATLOSUNGEN 


G. JANDER und D. Ertet 


Anorganisch-Chemisches Institut der Technischen Universitit Berlin 


(Received 19 September 1959) 


Abstract—U.\ .-Spectrophotometric studies with aqueous solutions of potassium and sodium niobates 


within the pH-region 5-14 results in an appearance of three different spectra; thus the existence of 


three individual types of polyniobate is probable. From diffusion measurements it is shown, that in 
strong alkaline solutions of potassium niobate (pH 11-14) anionic we ghts of nearly 1000 predominate, 
whereas in less alkaline solutions (pH 9) a high polymer species with roughly a threefold weight 
exists. 


Im Zusammenhang mit den seit Dezennien durchgefiihrten systematischen Unter- 
suchungen hydrolysierender Systeme haben wir uns nun auch mit der Chemie der 
Niobsduren und ihrer Alkalisalze befasst. Obwohl einige Informationen tiber dieses 
Gebiet in der dlteren und neueren chemischen Literatur zu finden sind, kann man 
daraus keinen umfassenden Uberblick iiber die in wissrigen Niobatlésungen vorliegen- 
den Hydrolysegleichgewichte gewinnen. Das Ziel unserer Untersuchungen ist daher 
die Aufstellung eines Hydrolyseschemas, aus dem Zusammensetzungen und Aggrega- 
tionsgrade der existierenden Niobsduren bzw. deren Salze, ihre Bestandigkeitsbereiche 
und gegenseitigen Beziehungen iibersichtlich hervorgehen.* 


Lichtabsorptionsmessungen 


Zur Untersuchung hydrolysierender Systeme haben sich Lichtabsorptions- 


messungen ausgezeichnet bewahrt. Finden niamlich in den Lésungen schwacher 
anorganischer Sauerstoffsiuren bzw. derer Salze bei Anderung des pH-Wertes 
Kondensationsvorgiinge unter Ausbildung von Sauerstoffbriicken statt, dann gehen 
ganz charakteristische Verainderungen der Lichtabsorptionsspektren parallel. 

In der chemischen Literatur finden sich bisher keine Angaben tiber das optische 
Verhalten von Niobatlésungen. Um deshalb zunichst einmal Hinweise zu erhalten, 
in welchen pH-Bereichen mit der Existenz verschieden aggregierter Teilchen zu rechnen 
ist, haben wir optische Messungen von Kalium- und Natriumniobatlésungen mit 
pH-Werten von 5-14 durchgefiihrt. Rein wissrige Alkaliniobatlésungen reagieren 
infolge partieller Hydrolyse alkalisch. Zur Erzielung hoher pH-Werte wurden die 
Kaliumniobatlésungen mit KOH versetzt. Eine Abstumpfung der von Hause aus 
vorhandenen Hydroxylionenkonzentration erreichten wir durch Einleiten von CO, 
in die Niobatlésungen. Unabhingig von welchem Alkalisalz ausgegangen wurde, 
erhielten wir bei gleichen pH-Werten stets identische Absorptionsspektren. Der 

* Wegen des vorliegenden umfangreichen Versuchsmaterials haben wir uns entschlossen, eine in dre 
Teile gegliederte Mitteilungsserie zu publizieren 
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Lichtabsorptionsbereich der Alkaliniobatlésungen liegt zwischen ca. 210 und 300 
my. Die Absorptionskurven steigen saimtlich steil an und erreichen im Gebiet 230-250 
my mehr oder weniger gut ausgeprigte Maxima mit log e-Werten zwischen 3 und 4. 
Liingeres Kochen der Lésungen unter Riickfluss und CO,-Ausschluss oder Aufnahme 
der Absorptionsspektren nach laingerem Stehen der Lésungen blieb ohne Einfluss 
auf die Messergebnisse. Daher darf angenommen werden, dass Gleichgewichte, 
deren Einstellung merklich zeit- oder temperaturabhingig ist, nicht vorliegen. 


240 230 
mye 


Ans. | Absorptionsspektrum im pH-Gebiet 10-14 


Wir studierten zunichst die Anderungen, die sich bet allmahlicher Erhéhung des 
pH-Wertes wassriger Kaliumniobatlésungen im Absorptionsspektrum abzeichneten. 
Aus den in Abbildung | dargestellten Absorptionskurven geht hervor, dass im 
pH-Gebiet 13-14 ein Gleichgewicht zwischen zwei Niobatanionen existieren muss. 
Saimtliche Kurven haben bei etwa 240 mya einen gemeinsamen Schnittpunkt einen 
isosbestischen Punkt, der charakteristisch fiir das Vorliegen eines biniren Gleich- 


gewichtes ist. Die Reversibilitaét dieses Gleichgewichtszustandes ergibt sich aus der 


Feststellung, dass bei einer Verminderung der Hydroxylionenkonzentration der 
stark alkalischen Lésungen z.B. durch Einleiten von CO,-das Absorptionsspektrum 
innerhalb der durch die Kurven I und IV sowie durch den isosbestischen Punkt 
gegebenen Grenzen gewissermassen riickliufig wird. Kaliumniobatlésungen mit 

3 Mol KOH pro Liter scheiden allmihlich kristallines Kaliumniobat aus und sind 
fur unsere absorptiometrischen Untersuchungen nicht brauchbar, da sie sich offen- 
sichthich nicht in einem stabilen Gleichgewichtszustand befinden. Diese Tatsache 
setzte unserem Bestreben nach Untersuchung extrem alkalischer Niobatlésungen 
eine obere Grenze. 

Alkaliniobatlésungen mit pH-Werten <9 besitzen ein véllig anderes Absorptions- 
spektrum. In eine 0-2 prozentige Natriumniobatlésung wurde ein missig schneller 
CO,-Strom eingeleitet, nach 0, 2, 5, 10, 20 und 40 Minuten je eine aliquote Probe 
entnommen, auf das zehnfache Volumen verdiinnt, ultrafiltriert und jeweils die 
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die Absorptionsspektren der nach 10 (pH 5-4), 20 (pH 5-0) und 40 Minuten (pH 4-7) 
entnommenen Proben sind mit Kurve III (pH 6°5) identisch. Aus diesen Versuchs- 
ergebnissen geht hervor, dass sich das zuniichst vorliegende Niobatanion (Kurve I: 
identisch mit Kurve I der Abb. 1) unter dem Einfluss zunehmender W asserstoffionen- 
konzentration in ein Niobatanion anderer Konstitution umwandelt. welches innerhalb 
des pH-Bereichs <9 bis 5 bestindig ist. Vom Standpunkt des hohen A bsorptionsver- 
mégens dieser L6sungen und auf Grund des nach langeren Wellenlingen verschobenen 


Lichtabsorption gemessen. Die resultierenden Kurven sind in Abb. 2 dargestellt: 


Ane A bsorptionsspektrum 


m pH-Geb 


Absorptionsbeginns besteht Veranlassung zu der Annahme, dass in diesem Bereich 
Niobatteilchen cines héheren Aggregationsgrades vorlicgen. Alkaliniobatlésungen 
mit pH-Werten <5 sind nicht bestindig, sondern zersetzen sich unter Abscheidung 
von Nb,O,-aq. 

Auf Grund unserer optischen | ntersuchungen ist also—in Abhiingigkeit vom 
pH-Wert—die Existenz von drei verschiedenen Anionet typen in Alkaliniobatlé- 
sungen wahrscheinlich. 


Diffusionsmessungen 


Um die bisher gewonnenen Erkenntnisse weiter auszubauen und zu vertiefen. 
haben wir versucht, die lonengewichte der drei mutmasslichen Anionentypen zu 
bestimmen. In der bisher vorliegenden chemischen Literatur sind keine Angaben 
liber Untersuchungen beziiglich des Molekularzustandes von Alkaliniobaten in 
wissrigen Lésungen enthalten. Fiir Mc lekulargewichtsbestimmungen in hydrolysie- 
renden Systemen hat sich die Methode der freien Diffusion ausgezeichnet bewihrt:" 
dies trifft besonders fiir die I rmittiung héherer Teilchengewichte zu. Wir haben uns 


G. Janper und K. F. Jaur, Kolloid-Beihefte 41, 1 (1934) 
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zur Bestimmung der Diffusionsgeschwindigkeit der Methode von O&rHoLm™ bedient, 
die inzwischen von JANDER und Mitarbeitern’) modifiziert und verbessert wurde. 


In Abb. 3 sind die Ergebnisse unserer Diffusionsversuche in Form der Abhingig- 


keit der gemessenen spezifischen Diffusionskoeffizienten von den pH-Werten der 


untersuchten Kaliumniobatlésungen graphisch dargestellt. Daraus geht hervor, dass 
im relativ stark alkalischen Bereich (pH 11-14) ein Niobatanion existiert, welches 
nach der absoluten Grésse des mittleren spezifischen Diffusionskoeffizienten (0-275) 


zu urteilen—bereits in aggregierter Form vorliegen muss. Es wiire denkbar. dass 


Punkt 


Ans. 3 Diffusionskoeffizienten in Abhingigkeit vom pH-Wert 


dieses Isopolyniobatanion in extrem alkalischen Lésungen aufgespaltet und vielleicht 
bis zur monomolekularen Orthoform NbO,*~ abgebaut wird; dieser Vorgang miisste 


sich durch eine betrichtliche I rhéhung des gemessenen spezifischen Diffusionskoeffi- 


zienten kundtun. Diesbeziigliche Versuche scheiterten jedoch an der mit zunehmender 
KOH-Konzentration der Lésungen stark zuriickgehenden Léslichkeit von Kalium- 
niobat. Mit grosser Wahrscheinlichkeit, wenn auch durch Diffusionsmessungen aus 
gleich zu erérternden Griinden nicht eindeutig beweisbar, ist mit der Existenz eines 
weiteren hochmolekularen Anionentyps in Alkaliniobatlésungen mit pH-Werten 

9 zu rechnen, wie der gestrichelt gezeichnete Teil der Kurve in diesem Gebiet 
andeuten soll. Die gemessenen D-Werte in der Nihe dieses pH-Wertes zeigen 
namlich nicht den monotonen Abfall der bei den etwas héheren pH-Werten ermit- 
telten Diffusionskoeffizienten und lassen daher den Schluss zu, dass die Kurve nicht 
weiter fallt, sondern dass sich ein neuer Haltepunkt mit Dj yz ~ 0-16 ausprigt. 
Leider erwies es sich als unméglich, fiir Diffusionsversuche geeignete Niobatlésungen 
mit pH-Werten <8 herzustellen. Saéurezusitze bewirkten eine sofortige irreversible 
Zersetzung der Niobatlésungen unter Nb,O,-aq-Fillung, wihrend durch Einleiten 
von CO, bei Gegenwart der erforderlichen Fremdelektrolytkonzentration (KNO,) 


ebenfalls voluminése weisse Niederschlage entstanden. Oberraschenderweise lésten 
sich letztere beim Verdiinnen der Lésungen glatt auf. Eingehendere analytische 
Untersuchungen* ergaben, dass diese Niederschlige eine definierte Zusammensetzung 
besitzen, die sie von den aus stirker alkalischen Lésungen kristallisierenden bzw. 


* Siehe Teil Il: G. JaNper und D. Erte, J. Inorg. Nucl. Chem. 14, 77 (1960). 


*) B. Gritrner, G. JANpDer und I. Bertram, Z. Anorg. Chem. 287, 186 (1956). 
3) W. Ornoim, Z. Phys. Chem. 70, 378 (1910) 
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gefallten Verbindungen deutlich unterscheiden. Daraus ist auf die Existenz eines 
individuellen Anionentyps in dem in Rede stehenden pH-Bereich zu schliessen, und 
unsere oben gemachte Annahme wird damit—indirekt bestatigt. 

Durch Anwendung der eingeschriinkten Rieckeschen Bezichung D,\ M, 
D,\ M, und unter Verwendung eines umfangreichen Vergleichsmaterials, das den 
zahlreichen Untersuchungen von JANDER und Mitarbeitern iiber lsopolysduren'? 
entnommen ist, gelingt nun die Berechnung der angeniherten lonengewichte der 
zur Diskussion stehenden Anionentypen. In Abb. 4 sind die experimentell gemessenen 
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Ans. 4.—-Abhingigkeit der spezifischen Diffusionskoeffizienten D 
vom berechneten Aniongewicht 


spezifischen Diffusionskoeffizienten von verschiedenen Isopolyanionen in Abhin- 
gigkeit vom berechneten lonengewicht eingetragen und durch einen Kurvenzug 
verbunden. Diese Kurve stellt gewissermassen ein Mittel aller auf der gleichen 
Grundlage gemessenen D-Werte von verschiedenen, chemisch und konstitutionell 
jedoch weitgehend ahnlichen Isopolyanionen dar und entspricht deshalb den bei 
einer Anwendung der Rieckeschen Beziehung zu fordernden Voraussetzungen.' 
Sie gleicht weiterhin unvermeidliche und auf andere Art und Weise vielleicht nicht 
ohne weiteres aufzudeckende Versuchsfehler aus und erméglicht daher durch einen 
einfachen Vergleich aus den von uns gemessenen D-Werten die entsprechenden 
lonengewichte mit grésstméglicher Anniaherung und Sicherheit zu ermitteln. Einem 
mittleren spezifischen Diffusionskoeffizienten Dj :-z = 0-275 entspricht nach Abb. 4 
ein lonengewicht von ca. 1000. Setzt man diesen Wert in die eingeschriinkte 
Rieckesche Bezichung ein, dann resultiert fiir D,,-z ~ 0-16 ein Anionengewicht von 
M = (0-275)?/(0-16)? « 1000 ~ 3000, 


d.h. annaihernd der dreifache Wert. 
Ruecxe, 7. Phys. Chem. 6, 564 (1890) 
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Zusammenfassung 


ergleicht man die Ergebnisse unserer Diffusionsversuche mit denjenigen unserer 
ssnnieaminiinamene dann sind folgende zusammenfassende Feststellungen 
zu treffen: 

1. Aus den Diffusionsmessungen ergibt sich die Existenz von zwei verschiedenen 
Aggregationsprodukten, wiihrend nach unseren spektrophotometrischen Unter- 
suchungen mit drei Anionentypen im System der Niobisopolysauren zu rechnen ist. 

2. Hinsichtlich des Bestiindigkeitsbereichs der Teilchen stimmen die Aussagen 
beider | ntersuchungsmethoden insofern iiberein, als in Alkaliniobatlésungen mit 
pH-Werten <9 (wahrscheinlich bis in die Nahe des isoelektrischen Punktes” bei 
pH ~ 4:5) ein definiertes hochmolekulares Hydrolyseprodukt mit einem aus Dif- 
fusionsmessungen abgeschitzten Anionengewicht von ca. 3000 vorliegt. 

3. W ihrend die Diffusionsmessungen im stark alkalischen Gebiet die Gegenwart 
nur eines definierten Isopolyanions ergeben, ist nach den optischen Untersuchungen 
im gleichen pH-Bereich mit dem Vorliegen von zwei konstitutionell unterschiedlichen 
Teilchen zu rechnen, die durch einen reversiblen Gleichgewichtszustand miteinander 
in Beziehung stehen. Aus diesen Feststellungen resultiert die Schlussfolgerung, dass 
sich die beiden Teilchen gewichtsmissig nicht oder nur sehr wenig voneinander 
unterscheiden: die Gréssenordnung ihrer lonengewichte betrigt auf Grund unserer 
Diffusionsversuche ca. 1000. 

4. Die Existenz weiterer Anionentypen im System der Niobisopolyséuren—etwa 
in hochalkalischen Niobatlésungen oder im pH-Bereich 9 bis | | —ist unwahrscheinlich. 
Lésungsgleichgewichte. deren E instellung deutlich zeit- oder temperaturabhiangig ist, 
liegen nicht vor. 


EXPERIMENTELLES 


Kristallisiertes Kaliumniobat wurde durch Schmelzen von liberschiissigem K,CO, oder KOH mit 
Nb,O,, Auflésen des Schmelzkuchens in Wasser und } inengen im Vakuum dargestellt. Natrium- 
niobat erhielten wir als kristalline F allung beim Versetzen von K: liumniobatlésungen mit NaOH. 
Zur Besti mmung des Nb-Gehaltes der Alki ilisalze wurden die w assrigen Lésungen mit verd. H,SO, 
oder mit SO, gef illt, die Nb,O,-aq-Niederschii ige durch Membr infiltr: ition abgetrennt und bei 1000 
zu Nb,O, vergliiht. Fir pH- Messungen verwendeten wir eine Hochalkali-Glaselektrode der I irma 
Schott und Gen. in Verbindung mit dem pH-Messgerét GM 4491 der Firma Philips bzw. dem 
Knick -pH-Meter 

Die Lichtabsorptionsmessungen wurden mit dem Zeiss- Opton-Spektralphotometer unter Verwen- 
dung von Quarzkiivetten verschiedener Schichtlange durchgefiihrt. Die fiir die Auswertung der 
Messergebni sse nach dem Lambert-Beerschen Gesetz erforderlichen Konzentrations: ingaben sind auf 
Mol Nb,O., Liter bezogen. Das Beersche Gesetz ist fiir Konzentr: itionen 10 Mol Nb, O, Liter 
erfullt. Zur Vermeidung von Triibungseffekten wurden alle Lésungen vor den Messungen durch 
Membran-bzw. Cell: ‘filter filtriert 

Fir die Diffusionsversuche haben wir uns der von Griv tnt R, JANDER und BERTRAM” angegebenen 
Arbeitsweise und Apparaturen bedient. Alle Messungen wurden in einem durch elektrische Be heizung 
auf 19-€¢ 0-2 temperaturkonstant gehaltenen und wei tgehend erschitterungsfreien Kellerraum 
durchgefiihrt. Die bei dieser Temperatur ermittelten Diffusionskoeffizienten wurden mit der auf 
Wasser = 1 bezogenen relativen Zahigkeit z der jeweiligen ( berschichtungslésungen multipliziert 
und aus konventionellen Griinden und Vergleichszwecken. mit der von NERNST abgeleiteten Forme! 
D D,,f1 0-026(t —10)] von 19°6 auf 10°C umgerechnet 

Die Durchfiihrung dieser | ntersuchungen wurde uns durch eine Gewahrung von ERP-Mitteln 
ermoglicht, wofiir wir auch an dieser Stelle danken. 


D. D. Peirce und L. F. Ynrema, J. Phys. Chem 34, 1822 (1930). 
W. Nernst, Z. Phys. Chem 2, 613 (1888) 


1960 


Vol. 
14 


J. Inorg. Nucl. Chem., 1960, Vol. 14, pp. 77 to 84. Pergamon Press Ltd. Printed in Northern Ireland 


UBER NIOBSAUREN UND WASSERLOSLICHE 
ALKALINIOBATE—II 


PRAPARATIV-ANALYTISCHE UNTERSUCHUNGEN 


G. JANDER und D. Erte! 


Anorganisch-Chemisches Institut der Technischen Universitat Berlin 
(Received 19 September 1959) 


Abstract—The preparation of three types of alkali niobate from niobate solutions with different pH is 
described ; their properties have been examined. All investigated salts are shown as derivatives of a 
hypothetical hexaniobic acid. The relations between the different isopoly anions are established and 
discussed. The calculated anionic weights are in good agreement with estimated values from diffusion 
measurements. By extracting a NaOQH-Nb,O,-melt with absolute ethanol the compound Na,NbO, 
could be isolated as the most basic sodium niobate. The results of this preparative-analytical 
investigation confirm and complete the conclusions derived from spectrophotometric and diffusion 
measurements (cf. Part I*). 


IN der alteren chemischen Literatur sind Angaben tiber die Darstellung von nicht 
weniger als 15 verschiedenen Alkaliniobattypen zu finden, und bereits dort tauchen 
immer wieder gedusserte Zweifel beziiglich der Existenz des cinen oder anderen 
Salztyps auf. Unterzicht man diese Literaturangaben einmal einer vergleichenden 
Betrachtung, dann fallt auf, dass von verschiedenen Autoren unter nahezu gleichen 
Versuchsbedingungen Salze der unterschiedlichsten Zusammensetzungen erhalten 
wurden. So soll z.B. nach SANTEsSON' beim Schmelzen von NaOH mit Nb,O, und 
Ausziehen des Schmelzkuchens mit Wasser ein Natriumniobat mit einem Molver- 
hiltnis Na,O : Nb,O; :H,O von 2:3:9 entstehen. Rose‘ erhielt dagegen beim 
Schmelzen von Na,CO, mit Nb,O, und Behandeln dieser Schmelze mit Wasser ein 
der Zusammensetzung | :1:x entsprechendes Natriumsalz, wihrend nach Jor- 
GENSEN™ unter analogen Bedingungen ein 8 :7 : x-Salz entsteht und schliesslich 
BeprorpD™? eine Verbindung 7 : 6 : x fand. Zu (erfolglosen) Versuchen, Natriumsalze 
der Niobsdure darzustellen, bemerkte MariGNac,™ dass ,.nur pulverférmige Salze 
erhalten werden, die beim Waschen ihre Zusammensetzungen verindern und deren 
keines die Kennzeichen einer ganz bestimmten Verbindung aufwies”. Schon aus 
dieser kurzen Gegeniiberstellung wird deutlich, dass die Vielfalt der Ansichten 
irgendwelchen Versuchsfehlern entspringen muss, seien sie nun fehlerhaften analy- 
tischen Bestimmungen, mangelnder Reinheit der Ausgangssubstanzen oder nicht ganz 


identischen Arbeitsbedingungen zuzuschreiben. Eine neue systematische Bearbeitung 


dieses Stoffgebietes erscheint daher wiinschenswert. 

Wir fiihrten zunichst Versuche zur Darstellung von méglichst basenreichem Ka/lium- 
niobat durch. KOH und Nb,O, wurden in den Molverhiltnissen 7 : 1, 14:1, 28: 1 
und 60 : | in Silbertiegeln so lange geschmolzen, bis eine klare diinnfliissige Schmelze 


* G. Janper und D. Erte, J. /norg. Nucl. Chem. 14, 71 (1960) 
B. Santesson, Bull. Soc. Chim. Fr. 24, 53 (1875) 
H. Rose und JORGENSEN in Gmelin-Kraut, Handb. Anorg. Chem. 7. Aufl. Bd. IV, 260 (1928) 
* M. H. Beprorp, J. Amer. Chem. Soc. 27, 1216 (1905) 
C. Marionac, Liebigs Ann. Suppl. Bd. 4, 273 (1866) 
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entstanden war. Der nach dem Erkalten grob zerkleinerte Schmelzkuchen wurde in 
reichlich Wasser—gegebenenfalls unter Erwirmen—gelést. Die Lésungen liessen wir 
in hohen Standzylindern ca. 24 Stunden stehen. Dadurch konnten die durch den 
Angriff von KOH in fein verteilter Form in Liésung gegangenen Silbermengen als 
schwarze Bodensitze sedimentativ sauber abgetrennt werden. Die abdekantierten 
und filtrierten Kaliumniobatlésungen engten wir im Vakuum iiber konz. H,SO, bis 
zur Kristallisation ein. Die einzeln der Mutterlauge entnommenen Kristalle wurden 
mehrfach mit destilliertem Wasser abgespiilt, auf Filtrierpapier oberflichlich ge- 
trocknet und bis zur Analyse im Exsikkator iiber CaCl,/CaO auf bewahrt. 


Die im folgenden angegebenen Analysenergebnisse sind arithmetische Mittelwerte aus jeweils 
mehreren Einzelbestimmungen. Da fiir uns eine méglichst genaue Ermittlung der jeweiligen Molver- 
hiltnisse Me.O : Nb,O, im Vordergrund des Interesses stand, haben wir von gesonderten H,O- 
Bestimmungen abgesehen und verzichten demgemiss auf definitive Angaben beziiglich der Anzahl 
von Kristallwassermolekeln; es zeigte sich namlich, dass der W assergehalt der Salze—je nach Dar- 
stellungsart—innerhalb gewisser Grenzen schwanken kann, wihrend die Molverhiltnisse 


Me,O : Nb,O, unabhangig davon stets konstant blieben. Wir deuten deshalb durch das Zeichen 
.aq”’ lediglich an, dass die betreffenden Salze hydratisiert vorliegen. Mit der Bezeichnung ,,aq" bzw 
mit der im weiteren Text angewendeten Formelschreibweise fiir die wasserhaltig kristallisierenden 
Verbindungen soll auch keine Unterscheidung zwischen mdglichen Bindungsarten der H,O-Molekein 
in den Salzen (z.B. Konstitutions— oder Hydratwasser) verbunden sein 


Die analytische Untersuchung der aus den verschiedenen Darstellungsversuchen 
stammenden Kaliumniobatkristalle ergab in allen Fiillen die gleiche Zusammenset- 
zung: 
= 28-2° 
Nb,O, = 59-5° 
H,O = 12:3° 
Molverhaltnis K,O : Nb,O, = 1-34: 1 bzw. 4 : 3, 
Formel: 4 K,0°3 Nb,O,-aq bzw. K,[Nb,O,,-aq]. 


Dieses Kaliumsalz ist also entsprechend dem einfachsten Verhaltnis der Molzahlen 
als Derivat einer Hexaniobsiiure zu formulieren. Wir bezeichnen es im folgenden als 
Kaliumhexaniobat(8 : 6), wodurch das Verhiltnis Alkaliatome : Niobatome in der 
Verbindung angedeutet werden soll. Kaliumhexaniobat(8 : 6) kristallisiert in grossen 
durchsichtigen, hiaufig biischelférmig zusammengewachsenen Siulen. Seine 
wassrigen Lésungen reagieren alkalisch; konzentrierte Lésungen weisen pH-Werte 
von 12-12°5 auf. Verdiinnte Mineralsiuren erzeugen in den Lésungen sofort eine 
Triibung, die sich bei weiterem Saurezusatz verstarkt und schliesslich in eine F aillung 
von flockigem Niobpentoxydhydrat iibergeht. Beim Liegen an der Luft verwittern 
die Kristalle und werden undurchsichtig, bleiben aber wasserléslich; das Verwittern 
geht parallel mit einer Abnahme des Kristallwassergehalts. 

Eine andere Méglichkeit zur Darstellung von Kaliumniobat, nimlich der Auf- 
schluss von Nb,O,; mit K,CO, bei 1000°, ergab ebenfalls Kristalle mit der analytischen 
Zusammensetzung des Kaliumhexaniobats(8 : 6). 

Ein dritter Weg schliesslich, durch Versetzen wassriger Auflésungen der KOH 
Nb,O;-— oder K,CO,-Nb,O;-Schmelze mit konz. KOH Kaliumniobat auszufillen, 
fiihrte zu feinkristallinen Niederschliagen mit etwas héheren Alkaligehalten als dem 
Kaliumhexaniobat(8 :6) entsprechen wiirde. Durch fortgesetztes Auswaschen 
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nahmen jedoch die Alkaligehalte allmihlich ab und niherten sich schliesslich immer 
mehr dem Molverhiltnis K,O : Nb,O, = 1-33 : 1. 

Vatriumniobat \asst sich leicht durch Versetzen von Kaliumniobatlésungen mit 
8-10 n NaOH als schwerléslicher Niederschlag erhalten. Je nach den Fallungsbe- 
dingungen entstehen dabei verschiedenartige Kristallformen. Arbeitet man mit 
heissen Lésungen, dann bilden sich vorzugsweise siulenférn ige, haufig miteinander 
verwachsene Kristalle der Zusammensetzung 


Na,O = 19-0° 
Nb,O, = 61-5% 
H,O = 19-5% 


Molverhaltnis Na,O : Nb,O, = 1-33 : 1 bzw. 4 : 3, 

Formel: 4 Na,O-3 Nb,O,-aq bzw. Na,[Nb,O, ,-aq}. 

Versetzt_man dagegen eiskalte Kaliumniobatlésungen mit eiskalter Natronlauge. 
dann resultieren flache, tafelférmig-rechteckige Kristalle der Zusammensetzung 
Na,O = 18-2% 

Nb,O, = 58-7°% 

H,O = 23-1% 

Molverhiltnis Na,O : Nb,O, = 1:33 : 1 bzw. 4 : 3, 

Formel: 4 Na,O-3 Nb,O,-aq bzw. Na,[Nb,O,,-aq]. 

Ein Natriumniobat dieser Zusammensetzung, das wir im folgenden als Natrium- 
hexaniobat(8 : 6) bezeichnen, ist bisher in der chemischen Literatur nicht erwihnt. 
Dies ist wahrscheinlich darauf zuriickzufiihren, dass von anderen Autoren zur 
Natriumniobatdarstellung fast ausschliesslich ein NaOQH- oder Na,CO,~Aufschluss 
von Nb,O, durchgefiihrt wurde. Wir zeigen weiter unten, dass unter diesen Verhiilt- 
nissen tatsdchlich ein anders zusammengesetztes Natriumsalz entstehen muss. 

Natriumhexaniobat(8 : 6) lést sich nur massig in Wasser; konzentrierte Lésungen 
haben pH-Werte der Gréssenordnung 12. Natronlauge fiallt aus den Lésungen 
wieder Natriumniobat unveriinderter Zusammensetzung. Beim Erhitzen auf 1000 
spaltet Natriumhexaniobat(8 : 6) Kristallwasser und NaOH ab und geht in unlés- 
liches Natriummetaniobat(1 : 1), NaNbO,, iiber: 

Na,[Nb,O,,°x H,O] 6 NaNbO, + 2 NaOH (x 1)H,O. 

Beim Schmelzen von NaOH oder Na,CO, mit Nb,O, und Auslaugen des zerklei- 
nerten Schmelzkuchens mit Wasser trat wegen der Schwerléslichkeit von Natriumniobat 
bei Gegenwart iiberschiissiger Na*-lonen keine Auflésung ein; in Lésung ging 
lediglich nicht in Reaktion getretenes Natriumhydroxyd bzw. -carbonat. Nach dem 
Entfernen der Hauptmengen NaOH bzw. Na,CO, kristallisierten wir den Riickstand 
mehrfach aus Wasser um und erhielten dann priichtige lange Kristallnadeln der 
Zusammensetzung 

Na,O 
Nb,O, 61-3° 
H,O = 
Molverhiltnis Na,O : Nb,O, = 1-17 : 1 bzw. 7 : 6, 
Formel: 7 Na,O-6 Nb,O;-aq bzw. Na-[HNb,0O,,-aq]. 
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Dieses Natriumsalz unterscheidet sich vom Natriumhexaniobat(8 : 6) ausser in 
seiner Kristallform durch seinen geringeren Alkaligehalt; es ist als saures Salz 
aufzufassen. Wir bezeichnen diesen Salzytp im folgenden als Natriumhexaniobat (7 : 6). 
Beziiglich seiner Léslichkeitsverhaltnisse entspricht dieses Salz ungefahr dem 
Natriumhexaniobat(8 : 6). Beim Erhitzen auf 1000 geht Na-[HNb,O,,-aq] in 
NaNbO, iiber; der wiissrige Auszug des gegliihten Salzes reagiert deutlich alkalisch. 
Die thermische Zersetzung erfolgt also gemiiss 


H,O]—» 6 NaNbO, NaOH 4 x H,O. 


Mit der Zusammensetzung Na,O : Nb,O, :6 stimmen die Befunde von 
Lapitzki und Spitzyn, sowie von Sue iiberein. Die Aufstellung der Formel 
Na;[HNb,O,,-aq] erfolgte in Aniehnung an die Resultate einer rontgenographischen 
Untersuchung von Linpouist'”), der im Natriumsalz 7 Na,O°6 Nb,O,-32 H,O die 
Existenz der Gruppe [Nb,O,,’*~ als Strukturelement nachgewiesen hat, wobei H,O- 
Molekeln als ,,Sauerstofflieferanten”—vermutlich in Form von Hydroxylgruppen 
fungieren. 

Welche Beziehungen bestehen nun zwischen den beiden Salztypen Na,[Nb,O,,-aq] 
und Na-;[HNb,O,,:aq]? Beziiglich der Entstehungsbedingungen ist festzustellen, dass 
Natriumhexaniobat(8 : 6) stets aus stark alkalischen Lésungen kristallisiert, wahrend 
Natriumhexaniobat(7 : 6) infolge der besonderen Léslichkeitsverhaltnisse beim 
NaOH- bzw. Na,CO,-Aufschluss von Nb,O, erst dann isoliert werden konnte. als der 
Alkaliiiberschuss entfernt worden war, d.h. es bildet sich im weniger alkalischen 
Medium. Aus Lichtabsorptions- und Diffusionsmessungen an Alkaliniobatlésungen* 
schlossen wir im pH-Gebiet 10-14 auf die Existenz eines reversiblen Gleichgewichts 
zwischen zwei Anionentypen, die sich zwar konstitutionell, nicht aber hinsichtlich 
ihrer Teilchengewichte voneinander unterscheiden. Wir formulieren daher: 

H 

[Nb,O,,-aq]*- <* [HNb,O,,-aq]’~, 

OH 
wobei der Umwandlungspunkt auf Grund unserer UV-spektrophotometrischen 
Untersuchungen bei pH ~ 13 liegt. Aus dieser Uberlegung folgt, dass in wissrigen 
Lésungen von Natrium- oder Kaliumhexaniobat(8 : 6) keine [Nb,O,,:aq]*--lonen 
vorliegen (selbst konzentrierte Lésungen weisen ja nur pH-Werte um 12 auf), sondern 
dass bereits [HNb,O,,:aq]’-Ionen entstanden sein miissen. Dies konnten wir 
beweisen, indem sich das Salz Na,[Nb,O,,:aq] durch Umkristallisieren ohne weiteres 
in iiberfiihren liess, und indem aus Alkalihexaniobat(8 : 6)- 
Lésungen mit pH-Werten 11-12 auf Zugabe wasserléslicher organischer Lésungs- 
mittel (Methanol, Athanol, Aceton usw.) feinkristalline Alkalihexaniobat(7 : 6) 
ausfielen. Anderserseits konnte durch Einfliessenlassen einer Natriumhexaniobat- 
(7 : 6)-Lésung in starke Natronlauge kristallines Na,[Nb,O,,:aq] erhalten werden. 
In einem Modell-versuch konnten wir ferner nachweisen. dass eine lt mwandlung 
Na,{Nb,O),:aq] — Na,[HNb,O,,:aq] auch in fester Phase méglich ist. Wir suspen- 
dierten Na,{Nb,O,,-aq] in einer 1m NaClO,-Lésung unter Riihren und stellten—obwohl 

* Siche Teil I: G. JaNper und D. Ertet, J. Inorg. Nucl. Chem 14, 71 (1960) 


A. W. Lapirzxi und V. I. Sprrzyn. J ilig. Chem. (Russ.) 1, 37 (1953); J. Angew. Chem. (Russ.) 26, 
101 (1953) 

*’ P. Sie, Ann. Chim. {11} 7, 493 (1937) 

I. Linpourst, Arkiv Kemi §, 247 (1952) 
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sich das Natriumniobat in diesem Medium nicht auflésen kann—eine allmih- 
liche Umwandlung in das (7 : 6)-Salz fest. Wir sind deshalb der Uberzeugung, dass 
das primire Hydrolyseprodukt der NaOH Nb,O;-Schmelze Natriumhexaniobat 
(8 : 6) ist. Die obenstehende Gleichgewichtsformulierung entspricht auch den Resul- 
taten unserer Diffusionsmessungen, indem sich beide Teilchen gewichtmiassig nur ganz 
unwesentlich voneinander unterscheiden. Wir hatten aus unseren | ntersuchungen ein 
lonengewicht von ca. 1000 ermittelt. das mit den errechneten Anionengewichten von 
[Nb,O,,]* 862 und [HNb,O,,]’ 863 grossenordnungsmissig iibereinstimmt. 
Zieht man in Betracht, dass die diffundierenden Ionen sicher von mitwandernden 
Hydrathiillen eingeschlossen sind, die bei der lonengewicht sbestimmung mit eingehen, 
sich aber quantitativ kaum in Rechnung stellen lassen, dann wird die Ubereinstimmung 
der Ergebnisse noch besser. 

Auf Grund der Resultate unserer Lichtabsorptions- und Diffusionsmessungen 
sollte in ganz schwach alkalischen Niobatlésungen (pH < 9) ein weiterer Anionentyp 
bestiindig sein, dessen Existenz nun durch die praparative Darstellung entsprechender 
Salze zu beweisen ist. Die Darstellung eines solchen Kaliumsalzes gelang uns auf 
folgendem Wege: 3-4 prozentige Lésungen von Kaliumhexaniobat(8 : 6) wurden 
unter dusserer Kiihlung mit Eis und kraftigem mechanischen Riihren tropfenweise 
mit Methylalkohol versetzt. Als etwa die Hiilfte des Volumens der wassrigen Lésungen 
an Methanol zugesetzt worden war, setzte eine Fallung von weissen, flockigen und 
bei mikroskopischer Betrachtung amorph erscheinenden Niederschliigen ein; nach 
Zugabe eines aquivalenten Volumens Methylalkohol war die Fallung praktisch 
vollstindig. Die Flocken setzten sich gut ab und waren leicht abzufiltrieren. Die 
Niederschlige wurden zuniichst mit verdiinntem (50°). dann mit reinem Alkohol 
gut ausgewaschen und im Vakuum iiber konz. H,SO, getrocknet; wiihrend des 
Trockenvorgangs trat eine erhebliche Schrumpfung ein. Die Substanzen hatten 
folgende Zusammensetzung: 

K.O = 23-6° 


Nb,O, = 65-9° 
H,O = 


Molverhiltnis K,O : Nb,O, = 1-01 : 1 
Formel: K,O-Nb,O,-aq bzw. KNbO,-ag. 


Wurde das Waschen mit reinem Methylalkohol weggelassen, im librigen aber wie 
oben verfahren, erhielten wir Verbindungen der Zusamn ensetzung 


K.O = 21-2° 
Nb,O, = 598 
H,O = 19-0°% 
Molverhiltnis K,O : Nb,O, = 1-00 : 1, 
Formel: K,O-Nb,O,-aq bzw. KNbO,-aq. 


Beide Verbindungen unterscheiden sich also nur in ihrem W assergehalt, sind aber 
sonst analog zusammengesetzt und als Aydratisiertes Kaliummetaniobat zu bezeichnen. 


Wir méchten an dieser Stelle darauf hinweisen, dass die bei den Versuchen zur 
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Herstellung ganz schwach alkalischer Diffusionslésungen* (pH < 8) stets aufge- 
tretenen Niederschlage beziiglich ihrer Zusammensetzungen mit dem hier beschriebenen 
hydratisierten Kaliummetaniobat identisch sind. Die durch gleichionige Zusitze in 
der fiir Diffusionsversuche erforderlichen Konzentrationsgréssenordnung hervor- 
gerufene relativ starke Léslichkeitserniedrigung von hydratisiertem Metaniobat 
scheint charakteristisch fiir diesen Salztyp zu sein. 

Die Formulierung des hydratisierten Kaliummetaniobats als KNbO,:aq ist eine 
Vereinfachung, die den Resultaten unserer Diffusions- und Lichtabsorptionsmessungen 
nicht gerecht wird. Aus den im folgenden genannten Griinden halten wir die Forme! 
(K,[Nb,O,,’aq)),, fiir zutreffend: 


1. Nach allen Erfahrungen auf dem Gebiet der Isopolysiuren findet mit zuneh- 
mender Wasserstoffionenkonzentration stets eine fortschreitende Aggregation, 
niemals aber eine Aufspaltung bereits vorhandener stabiler Aggregationspro- 
dukte in Teilchen mit einem kleineren Kondensationsgrad statt. 

2. Die dusserlich amorph erscheinende Form, in der das Metaniobat im Gegensatz 

zu den beiden Hexaniobaten aus den Lésungen ausfallt, macht das Vorliegen 

eines relativ hohen Molekulargewichts wahrscheinlich. Wir formulieren 
deshalb das Metaniobat als Salz der Hexaniobsaiure und deuten durch den 

Index m den polymeren Charakter dieser Verbindung an. 

Hydratisiertes Metaniobat entsteht aus Hexaniobat(7 :6), mit dem es in 


einem reversiblen Gleichgewichtszustand steht: 


H* 
OH 
wobei der Umwandlungspunkt auf Grund unserer optischen Untersuchungen 
bei pH ~ 9 liegt. 
Das Metaniobatanion miisste nach unseren Diffusionsmessungen cin lonengewicht 
von ca. 3000 haben. Aus der Formel [Nb,O,,]®~ errechnet sich ein Gewicht von 
845. Dem Index n entspricht daher ein zwischen den Zahlen 3 und 4 liegender Wert, 
wobei beachtet werden muss, dass bei der Berechnung des Anionengewichts das 
Gewicht einer etwa vorhandenen Wasserhiille nicht mit erfasst wurde, wahrend ein 
solches im gefundenen lonengewicht von ca. 3000 mit enthalten ist. Das berechnete 
Anionengewicht 845 stellt also gewissermassen einen Mindestwert dar. Die For- 
mulierung [Nb,O,,°aq],°~ diirfte deshalb den tatsachlich vorliegenden Verhaltnissen am 
besten gerecht werden. Wir werden im folgenden diesen Anionentyp als Hexametanio- 
bat(6 : 6) bezeichnen. 
Kaliumhexametaniobat(6 : 6) ist etwas hygroskopisch und lést sich leicht in 
Wasser; die Lésungen reagieren neutral. Beim Erhitzen auf 1000° geht Kalium- 
hexametaniobat(6 :6) in unlésliches, wasserfreies Kaliummetaniobat(] :1) Uber: 


K,[Nb,O,,:x H,O]—> 6 KNbO, + x H,O. 


Der wissrige Auszug des gegliihten Salzes reagiert neutral. Durch dieses Verhalten 
unterscheidet sich das Hexametaniobat(6 : 6) charakteristisch von den Alkalihexanio- 
baten(8 : 6) und —(7 : 6). 


* Siche Teil I: G. JaNper und D. Erret, J. Jnorg. Nucl. Chem. 14, 71 (1960). 
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Zur Vervollstindigung des aufzustellenden Hydrolyseschemas haben wir uns 
auch mit der Darstellung und Untersuchung von Natriumorthoniobat befasst. La- 
pitzki und Spirzyn haben durch Schmelzen von NaOH mit Nb,O, und Extraktion 
des tiberschiissigen Hydroxyds mit absolutem Alkohol die Verbindung Na,NbO, 
dargestellt. Deren Existenz konnte jedoch von ReisMAN, HOLTZBERG und Banxs'* 
auf Grund differentialthermoanalytischer Untersuchungen am System Na,O—Nb,O, 
nicht bestatigt werden; die héchstbasische Verbindung soll nach diesen Autoren die 
Zusammensetzung Na,NbO, besitzen. Bei unseren Darstellungsversuchung hielten 
wir uns im Prinzip an die von Laprrzki und Spirzyn empfohlene Arbeitsweise. Wir 
arbeiteten mit molaren Mischungsverhiltnissen NaOH : Nb,O,; = 20:1 bis 40:1 
bei Temperaturen zwischen 450° und 850° und einer Schmelzdauer von 1-7 Stunden. 
Das Resultat dieser Darstellungsversuche war in allen Fallen eine schwach gelblich 
gefirbte, sandartig kristalline, schwere Substanz folgender Zusammensetzung 


Na,O = 41-23% 
Nb,O, = 58-72%, 


Molverhiltnis Na,O : Nb,O, = 3-01 : 1, 
Formel: 3 Na,O-Nb,O, bzw. Na,NbO,. 


Wir bezeichnen diese Verbindung im folgenden als Natriumorthoniobat(3 : 1). 
Na,NbO, lést sich mit stark alkalischer Reaktion in Wasser; anfangs ist dabei eine 
schwache, jedoch bald wieder verschwindende Triibung zu beobachten. Beim 
Einengen dieser Lésungen scheidet sich kristallines Natriumhexaniobat(8 : 6) ab. 
Eine riicklaufige Umwandlung Hexaniobat(8 : 6)—+ Orthoniobat(3 : 1) wurde von 
uns in wissrigen Lésungen niemals beobachtet. Wir nehmen daher bei Einwirkung 
von Wasser auf Na,NbO, folgende irreversible Hydrolysereaktion an 


6 Na,NbO, + (x + 5) H,O-—>» Na,[Nb,0,,°x H,O] + 10 NaOH. 


Beim Erhitzen auf 1000° schmilzt Na,NbO, ohne Zersetzungserscheinumgen. 

Bei unseren Darstellungsversuchen konnten wir in keinem Fall eine Verbindung 
isolieren, deren Zusammensetzung auch nur annahernd der von Na, NbO, entsprochen 
hatte. Immerhin wire es jedoch denkbar, dass der zur Extraktion von NaOH 
verwendete absolute Athylalkohol auf vielleicht entstandenes Na,NbO, solv olytisch 
einwirkt, und dass wir deshalb immer das Solvolyseprodukt Na,NbO, erhalten 
haben. Wir fiihrten aus diesem Grunde auch Extraktionsversuche mit absolutem 
n-Propylalkohol und n-Butylalkohol durch. Da sich jedoch die Zusammensetzung 
der Extraktionsriickstinde nicht inderte, miissen wir die Existenz des von Laprrzk! 
und SpitzyN in gleicher Weise dargestellten Natriumorthoniobats(5 : 1), Na;NbO,, 
bezweifeln. Bei Verwendung von absolutem Methylalkohol als Extraktionsmittel 
beobachteten wir dagegen eine langsame Solvolysereaktion, deren Endprodukt das 
in Wasser unlésliche Natriummetaniobat(1 : 1), NaNbO,, ist. 


Zusammenfassung. 

Unsere priparativ-analytischen Untersuchungen ergaben—in Abhiingigkeit vom 

pH-Wert der Niobatlésungen—die Existenz von drei verschiedenen Isopolynio- 

batanionen. Das bisher noch unbekannte Natriumhexaniobat(8 : 6), Na,{Nb,O,,-aq], 
> 19 
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konnte durch doppelte Umsetzungen von Kaliumhexaniobat(8 : 6)-Lésungen mit 
NaOH dargestellt werden. Beim Aufschluss von Nb,O; mit NaOH oder Na,CO, 
entsteht nach dem Auslaugen der Schmelze mit Wasser infolge der besonderen 
Léslichkeitsverhaltnisse die Verbindung Na,[HNb,O,,-aq], die als Hydrolyseprodukt 
des primar entstandenen Natriumsalzes Nb,O,,°aq] aufzufassen ist. Verbindungen 
mit dem Anion [HNb,O,,:aq]*~ lassen sich auch durch Umkristallisieren von Alkali- 
hexaniobaten(8 : 6) aus Wasser, sowie durch Fillung nicht zu verdiinnter Alkali- 
hexaniobat(8 : 6)-Lésungen mit wasserléslichen organischen Solventien erhalten. 
Bei der Fillung stark verdiinnter Hexaniobatlésungen mit Methylalkohol entstehen 
hochaggregierte Hexametaniobate(6 : 6), Die Bezichungen zwischen 
den verschiedenen Isopolyniobaten lassen sich durch folgende schematische Reaktions- 
gleichungen beschreiben: 
H H 


OH OH 


[Nb,O,,-aq]* 


< 


Die Existenzbereiche dieser Isopolyanionen sind untereinander durch reversible 
Gleichgewichtszustande verbunden. Der Ubergang [Nb,O,,:aq]*" == [HNb,O,,-aq]’ 
volizieht sich bei pH ~ 13, der von [HNb,O,,:aq]’~ nach [Nb,O, ,-aq],*~ bei pH ~ 9. 
Die auf Grund dieser Formulierungen berechneten lonengewichte befinden sich in 
guter Ubereinstimmung mit den Ergebnissen unserer Diffusionsversuche. Aus der 
Schmelze des NNOH—Nb,O;—Aufschlusses konnte als héchstbasisches Natriumniobat 
die Verbindung Na,NbO, isoliert werden. Bei Einwirkung von Wasser auf Na,NbO, 
bildet sich in einer irreversiblen Hydrolysereaktion Natriumhexaniobat(8 : 6), 
wahrend beim Kochen von Na,NbO, mit absolutem Methylalkohol eine langsame 
Solvolyse zu NaNbO, stattfindet. 

Die Resultate unserer praparativ-analytischen Untersuchungen bestiatigen und 

erginzen also die aus den Lichtabsorptions- und Diffusionsmessungen gezogenen 
Schlussfolgerungen. 
EXPERIMENTELLES 
Zur Darstellung der Niobate wurden Chemikalien héchster Reinheit (p.a. von MERCK) verwendet. 
Das Niobpentoxyd hatte eine iberprifte Reinheit von 99-5 Prozent (0-3°, SiO,). Die Aufschliisse 
wurden in Silber- bzw. Platintiegein durchgefiihrt. Die analytische Untersuchung der Alkaliniobate 
erfolgte hauptsdchlich so, dass die in Wasser geléste Einwaage (ca. 0-5 g) bei ca. 80 unter Riihren mit 
einer genau bekannten Menge 0,1 n HCIO, oder H,SO, im Uberschuss versetzt wurde. Nach dem 
Abfiltrieren des quantitativ ausgefallenen Niobpentoxydhydrats durch Membranfilter, Uberfiihren in 
einen gewogenen Platintiegel und Verglithen bei 1000° zu Nb,O,, wurde im Filtrat die iiberschiissige 
Saure mit 0-1 n NaOH zuriicktitriert und aus dem effektiven Sadureverbrauch der Alkaligehalt 
berechnet In einzelnen Fallen wurde die Alkalibestimmung in den Filtraten der Niobpent- 
oxydhydratniederschlage auch durch lonenaustausch durchgefihrt; als Austauscher verwendeten 
wir Permutit ES in der OH-Form. Den Kristallwassergehalt der Alkaliniobate ermittelten wir durch 
Erganzung der gefundenen Prozentzahlen fiir Nb,O,; und Me,O zu 100. Nur in einzelnen Fallen 
fihrten wir zur Kontrolle auch Bestimmungen des Glihverlustes der Salze durch. Die in Wasser 
unldslichen Alkalimetaniobate, MeNbO,, wurden durch Aufschliessen mit KHSO, oder K,CO,, 
Lésen der Schmelze in Wasser und Versetzen der siedenden Lésungen mit NH,OH bzw. verdiinnter 
Schwefelsaure—wobei Nb,O,-aq quantitativ abgeschieden wird-analysiert. 

Die Durchfiihrung dieser Untersuchungen wurde uns durch eine Gewahrung von ERP-Mitteln 
erméglicht, wofiir wir auch an dieser Stelle danken. 
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Abstract—Conductometric titrations of aqueous solutions of alkali niobates with diluted mineral 
acids and X-ray studies of the different salts complete and confirm the results on of chemistry of 
isopoly niobates hitherto obtained 

A graphic scheme of hydrolytic reactions in solutions of alkali niobates is presented and explained 
by a short over-all summary of the work 


Konduktometrische Titrationen 


m das mit Hilfe der bereits besprochenen Untersuchungsmethoden* entwickelte 
Bild der in Alkaliniobatlésungen vorliegenden Hydrolysegleichgewichte abzurunden 
und gegebenenfalls zu vervollstandigen, haben wir Lésungen der verschiedenen 
Alkaliniobate mit verdiinnten Mineralséuren konduktometrisch titriert. Die jeweils 
bei bestimmten Molverhiltnissen von zugesetzter Sdure zu vorgelegtem Alkaliniobat 
auftretenden Leitfihigkeitsinderungen stehen mit dem Chemismus der Hydrolyse- 
vorginge unmittelbar in Beziehung und vermitteln deshalb einen Einblick in die im 
Gesamtverlauf einer Titration sich abspielenden Reaktionen. 

Uber elektrometrische Untersuchungen von Alkaliniobatlésungen sind in der 
chemischen Literatur einige Angaben enthalten. BRITTON und ROBINSON’, PeiRct 
und YNTEeMA™, sowie Sie berichteten bereits itiber konduktometrische bzw. 
potentiometrische Titrationen, beschiftigten sich aber immer nur mit einem Salztyp. 
Unsere Untersuchungen bestitigen zwar im wesentlichen die Ergebnisse dieser 
Autoren, doch dirfte eine Zusammenstellung des Verhaltens der verschiedenen von 
uns dargestellten Salztypen aus Ubersichts- und Vergleichszwecken von Interesse 
sein. 


In den Abb. 1-4 ist der Verlauf der konduktometrischen Titration wiassriger 
Lésungen von Na,NbO,, Na,[Nb,O,9'aq], Na;[HNb,O,,-aq] und (K,[Nb,O, ,-aq]), 
mit verdiinnter HCIO, bzw. H,SO, graphisch dargestellt. Aus einer vergleichenden 
Betrachtung ergeben sich folgende Gesichtspunkte: Der zuniichst stattfindenden 
Neutralisation von hydrolytisch gebildeten OH -lonen schliesst sich bei nur relativ ge- 
ringen Leitfahigkeitsanderungen die Zersetzung der Alkaliniobatlésungen unter Abschei- 
dung von Nb,O,-aq an, und schliesslich nimmt die Leitfahigkeit durch iiberschiissige 

* Siche Teil | und Il: G. JANper und D. Erte , J. Jnorg. Nucl. Chem. 14, 71, 77 (1960) 


" H. T. S. Brirron und R. A. Rosinson, J. Chem. Soc. 2265 (1932). 
2) D. D. Perce und L. F. Ynrema, J. Phys. Chem. 34, 1822 (1930). 
*’ P. Sie, Ann. Chim. {11} 7, 493 (1937). 
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freie Saure stark zu. Je héher basisch das untersuchte Niobat ist, desto langer ist der 
abfallende Kurvenast; die Neutralisation freier Hydroxylionen ist stets dann beendet, 
wenn der Alkaligehalt der in Lésung befindlichen Niobate dem der Zusammensetzung 


Nb 
033 133 
2 6 8 
H*/Nb H*/6Nb 
Na,NbO,—0-1 n HCIO, n H,SO, 


H°/Nb 
0.16 H6 
6 7 


+ 
H'/6Nb H*/6No 


Ass. 3.—Na,{HNb,O,,.aq}—0-1 n HCIO,. Ass. 4.—K,[Nb,O,,:aq}—0-1 n HCIO,. 


Me,[{[Nb,O;,°aq] (Me = Alkaliatom) entspricht (vgl. Punkte A). Bei den jeweils 
gestrichelt gezeichneten Teilen der Titrationskurven—kurz vor Erreichen der 
Aquivalenzpunkte B—waren die Leitfahigkeitswerte nicht konstant, wahrscheinlich 
wegen der adsorptiven Eigenschaften des in diesem Gebiet ausfallenden Niob- 
pentoxydhydrats. 


0-625}- 
0-80} 
0600 
0-70 0-575 
0525 
0-50 ® 0500 
Ans. 1.- 
140 2:00 
Vol, 
+30 1-80 14 
1960 
+20 160 
3, 
Oh, 
1-00 +20 
0-90}- Lor” +00 
(A) 
0-80} 
H"/No +00 
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Bevor wir auf die Einzelreaktionen bei den Titrationen eingehen, wollen wir eine 
Ubersicht iiber die auf Grund der bisherigen Untersuchungsergebnisse feststehenden 
Teilreaktionen des gesamten Hydrolysevorganges in Alkaliniobatlésungen geben: 
Beim Auflésen von Orthoniobat (3 : 1) erfolgt primir Bildung von Hexaniobat 
(8 : 6), welches bei allmihlich steigender Wasserstoffionenkonzentration zunichst in 
Hexaniobat (7 : 6) und schliesslich in Hexametaniobat (6 : 6) libergeht. Letzteres 
wird durch iiberschiissiges Siiure unter Abscheidung von Nb,O;-aq zersetzt. Die 
Teilreaktionen dieses Gesamtverlaufs sind: 


6NbO,*- + 10H* —>[Nb,O,,-aq]*- + SH,O 
[Nb,O,y:aq]* + H* = (Py ~ 13) 
+ H* = [Nb,O,,-aq}*- + H,O (Py ~9) 
[Nb,O,,aq}* + 6H* H,[Nb,O,,-aq] 3Nb,O,-aq 3H,O IV 


I-IV: 6NbO,* 18H* + 9H,O 


Abbildung |. Titration von Na,NbO, mit 0-1 n HCIO,,. Knickpunkt A liegt bei 
2H*/Nb bzw. 12H*/6 Nb: der abfallende Kurvenast entspricht also dem Ablauf der 
Teilreaktionen I-III. Dass sich die Einzelreaktionen nicht durch besondere K nick- 
punkte bemerkbar machen, erklirt sich dadurch, dass die Reaktion I beim Auflésen 
von Na,NbO, praktisch sofort und irreversibel von links nach rechts abliuft, und 
dass die bei py ~ 13 stattfindende Reaktion II wegen der hohen Hydroxylionen- 
konzentration und der dadurch bedingten betriichtlichen Leitfahigkeit kondukto- 
metrisch nicht erfasst werden kann.—Der Saureverbrauch zwischen A und B betrigt 
| H*/Nb bzw. 6H*/6 Nb: dieser Teil der Kurve charakterisiert den Ablauf der 
Teilreaktion IV. Der Aquivalenzpunkt B liegt bei 3H*/Nb und entspricht damit— 
im ganzen gesehen—dem Ersatz siimtlicher Na*-Ionen im Na sNbO, durch H*-Ionen. 

Abbildung 2. Titration von Na,[Nb,O,,-aq] mit 0-121 n H,SO,. Knickpunkt A 
liegt bei 2H*/6 Nb, zeigt also den Ablauf der Teilreaktionen IJ und III an. Der 
Grund dafiir, dass sich die Reaktion II auch hier nicht durch eine entsprechende 
Leitfiahigkeitsiinderung bemerkbar macht, ist darin zu suchen. dass in der vorgelegten 
Niobatlésung (pH ~ 11) gar kein Hexaniobat (8 : 6), [Nb,< ),9°aq}*- mehr vorliegt, 
sondern dass sich bereits Hexaniobat (7 : 6), [HNb,O,9:aq}’~, durch Hydrolyse 
gebildet hat.* Die urspriingliche Anwesenheit von Hexaniobat (8 - 6) gibt sich 
lediglich noch durch das pro Mol Hexaniobat (8 : 6) entstandene OH --Aquivalent 
zu erkennen. Die Differenz des Siureverbrauchs zwischen B und A betriigt auch in 
diesem Fall 6H*/6 Nb und entspricht deshalb der Teilreaktion IV. 

Abbildung 3. Titration von Na,[HNb,O,,-aq] mit 0-1 n H¢ lO,. Knickpunkt A 
(1H*/6Nb) entspricht dem vollstandigen Ablauf der Teilreaktion IH, Knickpunkt 
B (6H*/6 Nb) dem der Teilreaktion IV. 

Abbildung 4. Titration von (K,[Nb,O, ,-aq]), mit 0-1 n HCK ),. Durch Hydrolyse 
entstandene OH~-lonen sind hier nicht vorhanden. Die Titration beginnt vielmehr 
gleich in dem Stadium, das bei den anderen 7 itrationen erst nach Neutralisation der 
hydrolytisch gebildeten Hydroxylionen erreicht war (vgl. Punkte A). Der Saure- 
verbrauch bis zum Aquivalenzpunkt B betriigt 6H*/6 Nb und entspricht damit der 
Teilreaktion IV. 


* Siche Teil Il: G. Janper und D. Erte. J Inorg. Nucl. Chem. 14, 77 (1960) 
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dass unsere konduktometrischen Unter- 


Wir stellen zusammenfassend fest, 
suchungen von Alkaliniobatlésungen die Ergebnisse der vorangegangenen Unter- 


suchungsmethoden vollauf bestitigen. 


Vergleichende réntgenographische Untersuchungen 

Um festzustellen, ob und inwieweit sich die verschiedenen von uns dargestellten 
Alkaliniobate im festen Zustand strukturell voneinander unterscheiden, haben wir 
Debye-Scherrer Aufnahmen von je einem Salztyp hergestellt. Ausserdem wurden die 
Anderungen verfolgt, die sich nach dem Erhitzen der V erbindungen auf 1000° in den 
Debyeogrammen abzeichneten.—Wir fanden, dass die Hexaniobate (8 : 6), (7 : 6) 
und (6:6) unterschiedliche, jedoch fiir jeden Verbindungstyp charakteristische 
Debye-Scherrer Diagramme lieferten, wobei aus dem Linienreichtum und dem im 
ganzen gesehen wenig ausgeprigten Charakter der Debyeogramme auf das Vorliegen 
komplizierter Strukturen mit geringer Symmetrie zu schliessen ist.—Nach Erhitzen 
der Hexaniobate (8 : 6), (7 : 6) und (6 : 6) wurden untereinander identische Rént- 
gendiagramme mit relativ wenigen, dafiir um so priignanteren Linien erhalten. Dies 
ist auf die Bildung entsprechender Metaniobate (1 : 1), MeNbO,, zuriickzufiihren., 
deren kubische Struktur bekannt ist.“’ Damit konnten die aus den Ergebnissen 
anderer Untersuchungsmethoden gezogenen Schlussfolgerungen beziiglich des 
thermischen Verhaltens der Alkalihexaniobate r6ntgenographisch bestitigt werden. 
Na,NbO, unterscheidet sich durch sein Réntgendiagramm deutlich von den 
vorstehend beschriebenen Verbindungen; nach Erhitzen auf 1000° dnderte sich das 
Diagramm nicht. 

EXPERIMENTELLES 

Die Leitfahigkeitstitrationen fihrten wir bei Raumtemperatur mit einer Messapparatur der Firma 
Ruhstrat, Géttingen, nach der visuellen Kompensationsmethode durch. Wir arbeiteten mit Halb- 
mikrobiretten; wahrend der Titration wurde die Messlésung lebhaft geriihrt. Die Relationen 
Saure: Alkaliniobat wurden in Molverhaltnisse H*/Nb bzw H 6 Nb umgerechnet, indem wir die 
gene Niobatmenge auf Grund des analytisch ermittelten Nb,O -Geh iltes als Grammatome 


eingews ge 


Nb in Rechnung stellten 
Die Debye—Scherrer Aufnahmen wurden unter Verwendung von Cu Kz-Strahlung (Ni Filter) in 


einer ROntgenkamera mit 57-3 mm Durchmesser hergestellt. Die Belichtungszeiten betrugen 0-5 bis 


1-5 Stunden 


Das Hydrolyseschema der Isopolyniobate 

In Abb. 5 haben wir versucht, simtliche wesentlichen Versuchsergebnisse unserer 
Untersuchungen iiber Niobsdéuren und wasserlésliche Alkaliniobate tibersichtlich 
zusammenzustellen und die zwischen den einzelnen Salztypen vorliegenden Bezie- 
hungen zum Ausdruck zu bringen. Die folgende kurze Zusammenfassung unserer 
Arbeit soll zur Erlauterung des Schemas dienen. 

Durch Lichtabsorptionsmessungen* konnte die Existenz von drei Anionentypen in 
Alkaliniobatlésungen mit pH-Werten 5-14 nachgewiesen werden. Die Bestindig- 
keitsbereiche dieser miteinander in reversiblen Gleichgewichtszustiinden stehenden 
Teilchen sind durch die kritischen pH-Werte 13 und 9 abgegrenzt. Die Gleichgewichte 
stellen sich praktisch momentan ein; eine Zeit- oder lemperaturabhingigkeit wurde 
nicht beobachtet.—Aus Diffusionsmessungen* konnten die Anionengewichte dieser 


* Siehe Teil I: G. JaNper und D. Ervtet, J. Inorg. Nucl. Chem. 14, 71 (1960) 
"H Remy, Lehrbuch Anore. Chem. 8. Aufl. Bd Il, 105 (1955) 
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Teilchen zu ca. 1000 bzw. ca. 3000 abgeschitzt werden. Die in stark alkalischen 
Niobatlésungen (pH 10-14) vorliegenden beiden Anionentypen unterscheiden sich 
nur durch thre Konstitution, nicht aber durch ihr Gewicht.—Die prdparativ- 
analytischen Untersuchungen* von Alkaliniobaten bestitigten und ergiinzten diese 
Ergebnisse indem folgende Salztypen dargestellt werden konnten: Me,[{Nb,O,,-aq], 
Me.[HNb,0O,,:aq] und (Me,[Nb,O, ,-aq]),, (Me = Na bzw. K). Die I ormulicrung dieser 


Akolischmeéize |) Glunen 
Me ,NdO, (| |) 
Methanot-E xtraktion 
~ 
irreversibe! irrever sibel 
Erhitzen auf (00°C 4 Erhitzernauf IO00°C 
Abdspaitung von Abdspaitung von 


MeOH + 


hitzen auf 
Ve, 0,50q] fhung von MeO +H,0 


Ans. 5.—Hydrolyseschema der Alkaliniobate 


Verbindungen als Hexaniobate steht im Einklang mit den Ergebnissen der optischen 
Untersuchungen, ihre Anionengewichte stimmen mit den aus Diffusionsmessungen 
abgeschatzten gut iiberein. Durch Erhitzen auf 1000° wandeln sich die Isopolyniobate 
in Metaniobate MeNbO, um. Als héchstbasisches Salz konnte aus der NaOH 
Nb,O;-Schmelze die Verbindung Na,NbO, isoliert werden, die bei | inwirkung von 
Wasser irreversibel in Hexaniobat, beim Kochen mit absolutem Methanol jedoch 
solvolytisch in NaNbO, iibergeht—Aus den Resultaten dieset Untersuchungen 
ergibt sich folgender in Teilreaktionen gegliederter Hydrolyseverlauf: 


I8SMeOH + 3Nb,0,; —>6Me,NbO, + 9H,O (Schmelze) 
6NbO,? 1OH* 5H,O (irreversibel) 
[Nb,O, ,-aq]* H [HNb,O,,-aq}’ (pH ~ 13) 
[HNb,O,,aq]’ H [Nb,O, ,-ag}® H,O (pH ~ 9) 
[Nb,O, 6H* —H,[Nb,O, ,-aq] (pH ~ 
3Nb,O,-aq + 3H,O (irreversibel) 


* Siche Teil Il: G. JaNper und D. Erret, J. Inorg. Nucl. Chem. 14, 77 (1960) 
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Konduktometrische Titrationen der verschiedenen Salztypen mit verdiinnten Mineral- 
siuren bestitigten diesen Reaktionsmechanismus.—Vergleichende réntgenographische 


Untersuchungen ergaben fiir jeden Salztyp ein individuelles Debyeogramm. Die 
thermische Zersetzung der Alkalihexaniobate zu Metaniobaten konnte réntgeno- 
graphisch nachgewiesen werden. 


Die Durchfiihrung dieser Untersuchungen wurde uns durch eine Gewahrung von ERP-Mitteln 
erméglicht, wofiir wir auch an dieser Stelle danken. 
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THE KINETICS OF THE REACTION BETWEEN 
PLUTONIUM(IV) AND VANADIUM(IID IN 
PERCHLORATE SOLUTION 


S. W. Rapipeau and R. J. 


Los Alamos Scientific Laboratory, University of California, Los Alamos, New Mexico 


(Received 30 August 1959) 


Abstract—The kinetics of the reduction of Pu(IV) with V(III) has been studied as a function of 
temperature and acidity in perchlorate solutions of ionic strength two. The reaction rate has been 
found to be first order with respect to each of the reactants and in ersely proportional both to the 
first power and to the second power of the hydrogen ion concentration. Thermodynamic quantities 
for the activation process in terms of the principal species have been obtained for the parallel paths at 
25°. It has been shown that the rate of the reduction reaction was unaffected by the presence of added 
chloride ion, and it appears that the chloride ion does not function as a bridging group in the activated 
complex. The entropies of the activated complexes for both hydrogen ion dependent paths have been 


calculated and compared with reactions involving similar charge types. 


IN a recent review" of the kinetics of oxidation—reduction reactions of uranium, 
neptunium and plutonium in aqueous acid solution, it was shown that the charge on 
the activated complex is a factor which is important in the determination of the value 
of its entropy. In the present work, additional kinetic information has been obtained 
for reactions in which the principal species carry charges of +3 and +4. Although 
the results of this work support the general relationship between the charge and the 
entropy of the activated complex, from the increasing spread of values found for the 
different charge types, it is clear that there are additional unresolved factors which are 
operative. 


EXPERIMENTAL 


Apparatus. Spectrophotometric measurements were made with the Cary Model 14 recording 
instrument. The thermostated spectrophotometric cell holder and the electrolysis vessel for the 
preparation of vanadium(III) perchlorate have been described previously.'*) A maximum chart speed 
of 8 in. per minute was found to be adequate to follow the course of the reaction at a temperature of 
20° in 0-25 M perchloric acid. A ruled transparent template was placed over the chart recording to 
permit optical densities to be read at | sec intervals for the more rapid reactions. A double chambered 
10 cm spectrophotometric cell was flushed with nitrogen and the reactant solutions were placed in the 
separate legs. After attaining temperature equilibrium in a water thermostat, the solutions were 
rapidly mixed and placed in the cell compartment of the spectrophotometer. First readings were 
obtained within 15 sec after mixing. 

Analyses. The initial concentration of Pu(IV) was computed from the known weight of 1/10 N 
potassium dichromate solution used to oxidise a weighed aliquot of Pu(II]). Molar absorptivities of 
Pu(II1) and Pu(IV) were measured in each experiment under the conditions of the kinetic study. Only 
partial oxidation of the Pu(IIT) was attempted to avoid the possib of the formation of Pu(V) or 
Pu(V1I). The Pu(IV) concentration at a given time during the kinetic experiment was computed from 
the measured optical density at 4695 A with corrections applied for the contributions of Pu(IID), 
Cr(ii}, VATD and VOH**. A value of 2 10~* for the hydrolysis constant of V(III) together with a 


‘| T. W. Newton and S. W. Rasiprau, J. Phys. Chem. 63, 365 (1959) 


') S. W. Rasipeau, J. Phys. Chem. 62, 414 (1958) 
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molar absorptivity of 130 M~' cm~! were used to make the minor correction to the optical density for 
the presence of VOH? The concentration of vanadium(II1) perchlorate was determined at 3960 A 
with the thiocyanate—acetone method of analysis."*’ A platinized platinum wire was placed in the 

n(Lil) perchlorate stock solution to catalyse the oxidation by hydrogen ion of small amounts 
of V(IL) formed in the electrolytic reduction of \ 2O,;. Analyses were made for chloride ion in the 


V(ILI) stock at the termination of electrolysis with negative results. Only very small amounts of 


chloride were formed over a period of a week in the V(LII) stock kept atO. Because V(III) is slowly 
oxidized by oxygen at a rate inversely proportional to the hydrogen ion concentration and directly 
proportional to the partial pressure of the oxygen,’ the VIII) stock solutions were prepared in molar 
perchloric acid and the stor: ige flasks were flushed with helium and stored at 0°. To measure the r: ite 
of change of the concentration of the V(IIL) stock. samples of the V(III) were quenched in a given 
volume of standard ceric s ulphate. The chi ange in the Ce(IV) concentration was determined spectro- 
photometrically. Over a period of 3 hr at room temperature, no perceptible change in the V(III) 
concentration was found. Over a three day period at 0 , the stock chan ged its titre only a few percent. 


Vaterials. Baker inalysed grade 71 per cent perchloric acid was boiled to eliminate traces of 


aterial and then fl ushed with helium over a period of several hours to remove traces of 


ind chlorine oxides. A weight aliquot of the boiled 71 per cent perchloric acid was standard- 
Baker analysed grade mercuric oxide. Sodium perchlorate was prepared from Merck 
igent grade sodium carbonate and perchloric acid. The salt was recrystallized from water and dried 


120 Mallinckrodt reagent grade ammonium thiocvanate was recrystallized from absolute 


nd dried with a stream of air as suggested by CrouTHAMEL and JOHNSON'*’ for the use of 


gent in the thiocyanate > method of analysis for vanadium. Vanadium standard 

vere prepared by the diss ution of fused 99-7 per cent pure vanadium metal obtained from 

D McKay Co. in a hydrochloric-nitric acid mixture. The solution was evaporated to dryness 
and concentrated hydrochloric acid was used to dissolve the residue pip era ae 

sre prepared from high purity metal by the addition of a known weit ght to an appropriate 

§ qu wntiey of standardized 71 per cent perchloric acid. Plutonium(II1) was oxidized to Pu(IV) 
with a weighed quantity of 1/10 N potassium dichromate solution prepared from the U.S. National 
Bureau of Standards s: imple 136a. All distilled water was redistilled from alkaline permanganate in an 
all-Pyrex glass still, and conductivity checks were made frequently to monitor the purity of the water 
Reported solution concentrations correspond to a temperature of 23°, no correction was applied 


for temperature changes between 2-4 and 20 


RESULTS 


By analogy with the results obtained in the kinetic study of the reaction between 


Pu( VI) and V(IIT)."” it was predicted at the onset of this research that on the basis of 


charge and on the relative ease of formation of the first hydrolysed species of Pu(IV) 
as compared to Pu(VI), the reaction between Pu(IV) and V(III) would also involve 
parallel paths dependent upon both the inverse first and the inverse second powers of 
the hydrogen ion concentration. This prediction has been borne out by the experi- 


mental results. 

Reaction order and stoicheiometry. To perform stoicheiometry checks, less than 
an equimolar quantity of V(III) stock was added to a solution of plutonium(IV) 
perchlorate in 2 M perchloric acid at 2:4°. The concentration of the V(III) stock had 
been determined by the thiocyanate—acetone method. The formation of Pu(III) as 
the reduction product was evident from the disappearance of the Pu(IV) peak at 
4695 A, and the formation of the characteristic blue colour of Pu(lll). This was 
confirmed by noting the Pu(III) peaks at 5600 and 6000 A. After the reaction had 

FURMAN and C. S. Garner, J. Amer. Chem. Soc. 72. 1785 (1950). 
CROUTHAMEL, B. E. and C. FE. JoHnson, Analvt. Chem 27, 507 (1955). 
Ramsey, R. SuGimoro and H. De Vorkin, J. Amer. Chem. Soc 63, 3480 (1941) 


CROUTHAMEL and C. E. JOHNSON, Analyt. Chem. 26, 1284 (1954) 
RABIDEAU, J. Phys. Chem. 62, 414 (1958) 


Vol, 
14 
1960 


ch 
12 
re 
a 


The kinetics of the reaction between plutonium(1V) and vanadium(II) in perchlorate solution 93 


progressed to completion as evidenced by no change in the optical density of the 
solution at 4695 A over a period of about 10 min, the change in the Pu(TV) concen- 
tration was computed. The difference in the Pu(IV) concentration corresponded to a 
one-electron change in the V(III). Thus, the reaction sto cheiometry is given by the 
equation 

Put H,O = Pu® 2H VO" (1) 


The reaction between Pu(IV) and V(IIT) has been shown to be second order from 
the usual graphical plot. The linearity of these second order plots was found to 
extend to 90-95 per cent of completion both for the condition in which the reactants 
were initially present in equimolar amounts and for the case in which a twofold 
excess of one of the reactants was used. 

Hydrogen ion concentration dependence. Measurements of the rate of reaction 
between Pu(IV) and V(III) were made in solutions of ix ic Strength two over an 
acidity range between 0-25 and 2-00 M at 2-4°. It was not feasible at this temperature 
to make measurements at acidities much below 0-25 M because of the very rapid 
reaction rate under these conditions. In addition to the rate measurements at 2-4", 
Studies were also made of the hydrogen ion concentration dependence of the reaction 
rate at 6-2, 10-2, 15-4 and 20-0°. The ionic strength was maintained at two with the 
addition of sodium perchlorate. Upon analysis of the kinetic results, it was concluded 
that both an inverse first and an inverse second power of the hydrogen ion concen- 
tration were involved in the rate law. If the rate law is written in terms of the principal 
species, 

k,[Pu**][V**][H r k,[Pu* ][V** ][H*]}? (2) 
With the association quotient for the hydrolysis of Pu(IV) defined by the relation 
K {[PuOH* ][H* ]/ (3) 
it is possible to show that the relationship between the unhydrolysed and the total 
tetravalent plutonium is 
= + K) (4) 


where Roman numerals are used to represent total concentrations. With the substi- 
tution of equation (4) into equation (2), it follows that 


d{Pu(1V))/dt — + K) 
]/(H* + K) (5) 
With the substitution of ky, the experimentally observed rate constant, for the specific 
rate constants for the two paths in equation (5), where 


ky = k,/({H*] K) + k,/(H*\((H*] K) (6) 
then, 


d{Pu(1V)]/dt = ] (7) 


Values of the Pu(IV) hydrolysis quotient in perchlorate solutions of ionic Strength 
two were taken from previously published work.'*) The equilibrium quotients for the 
Pu(IV) hydrolysis at temperatures between 2-4 and 10-2° were calculated with values of 
7-3 kcal/mole for AH and 19 e.u. for AS. 
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The values of the specific rate constants k, and k, in equation (6) were obtained 
from plots of kg([H*] +- K) vs. 1/[H*]. The intercepts and the slopes of these plots are 
equal to the values of k, and k,, respectively. At 2-4°, the specific rate constants are 
k, = 1:70 + 0-02 sec"! and k, = 1-71 + 0-06 M sec”, where the uncertainties given 
correspond to the standard deviations. In Table 1, a comparison is given between the 
experimentally observed values of ky as defined by equation (7) and the calculated 
values of ky obtained by the insertion of the above values of k, and k, into equation (6). 


TABLE 1.—HYDROGEN ION CONCENTRATION DEPENDENCE OF REACTION BETWEEN 
Pu([V) AND V(III) IN PERCHLORATE SOLUTION OF IONIC STRENGTH TWO AT 2-4 


[Pu(lV)] [VII] {H*] k fexptl) kfcale) 
(M) (M) (M) sec?) 


1-334 10-* 1-168 2-000 1-25 1:26 
1-665 2-304 1:30 
2:516 1-244 1:30 
1-350 1-665 1-28 
2-145 l 1-28 


2-338 l 3 

1-762 3-293 3-84 
1-378 1-632 3-38 
1-514 1-570 3-30 
1-850 1-488 3-35 
1-636 1-480 3-19 


1-328 1-802 0-500 9-38 9-87 
2-865 1-769 9-38 
1-434 1-532 8-76 
2-052 1-632 9-26 
2-667 1-502 9-10 


0-250 30:10 31-75 
1-561 1-622 29-83 
1-792 1-501 33-73 
1-772 1-491 32-96 
2-033 1-477 29-94 
1-235 1-510 30-12 


Whereas in molar perchloric acid the two paths contribute very nearly equally to the 
observed rate at 2-4°, in 0-25 M perchloric acid the k, path makes a fourfold greater 
contribution. 

Temperature dependence. The temperature coefficients of the values of k, and k, 
were derived from measurements of ky as functions of acidity between 2:4 and 20°. In 
Fig. 1 plots of log k, vs. 1/T and log k, vs. 1/T are given. From the slopes of these 
straight lines, activation energies of 17-7 + 0-5 kcal/mole and 22-1 + 0-41 kcal/mole 
were found for the k, and the k, paths, respectively. The data are summarized in Table 
2. From expressions of the transition state theory,'® values of the thermodynamic 


Giasstone, K. Latpter and H. Eyrina, The Theory of Rate Processes p. 417. McGraw-Hill, New 
York (1941). 
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quantities of activation for the two paths were computed and are given in Table 3. 
The method of least squares was applied in obtaining the activation energies and the 
uncertainties are equal to the standard deviations. An extrapolation of the Straight 


| 


log rate constant 


335 345 355 +65 
1000/T 

Fic. 1.—Arrhenius plots for the inverse first and the inverse second powered hydrogen ion 

concentration dependent paths in the reaction between Pu(IV) and V(IID. 


TABLE 2.—TEMPERATURE DEPENDENCI SPECIFIC 
RATE CONSTANTS FOR THE REACTION BETWEEN 
Pu(lV) AND V(III) IN PERCHLORATE SOLUTIONS 


OF 


Temperature ky k, 
CC) (sec™*) (M sec™') 


2:4 | 
6-2 2:50 3-04 
10-2 3-95 5-39 
15-4 7-25 10 


20-0 


line relations between log k, vs. 1/T and log k, vs. 1/T was made using the least square 
values of the slope to obtain k, and k,, and hence the associated thermodynamic 
quantities at a temperature of 25°. 

Chloride ion dependence. Although no detectable chloride ion was found in the 
vanadium(III) perchlorate stock solution at the termination of electrolysis, perchlorate 
ion is slowly reduced to chloride ion by V(III). To determine whether the chloride ion 
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could serve as a bridge in the activated complex, rate measurements were made in 
0-25 M perchloric acid at 2-4° with a chloride ion concentration of 0-225 M. The 
ionic strength was maintained at two with the addition of sodium perchlorate. Within 
experimental error, the value of ky, was unchanged by the substitution of chloride ion 
for perchlorate. Thus, it appears that the failure of chloride ion to serve as a bridging 


TABLE 3.—-THERMODYNAMIC QUANTITIES OF ACTIVATION FOR THE REACTION 
BETWEEN Pu(IV) AND V(III) ar 25 


AF* (kcal/mole) AH *(kcal/ mole) AS* (e.u.) 
A, path 15-68 — 0-01 17:1 0-5 4-76 1-7 
k, path 15-30 — 0-01 271-5 0-4 20-8 1-4 


group in the activated complex arises from the requirement of an oxygen for the 
formation of the VO? ion. 

Comparison of entropies of activated complexes. The entropies for a number of 
activated complexes have been computed from the AS* for the reaction and the 
standard entropies of the reactants written in terms of the principal species."’) The 
entropies of activated complexes have been computed with the convention that hy 
0 and with the entropy values for the plutonium ions as given by KATz and SeaBorG", 
and with the values of —63 and —65 e.u. for Ti** and V**. respectively, based upon 


TABLE 4.—THERMODYNAMIC QUANTITIES OF ACTIVATION FOR REACTIONS OF PLUTONIUM 
witH AND V(IIL) IN PERCHLORATE SOLUTION AT 25 


\H* AS S* -ompiex Ref 
(kcal mole) (e.u.) (e.u.) 
(1) Put Ti H,O = (*) H 16:7 5-9 125 11 
(2) Put H,O = H 17-1 4-76 128 (this work) 
(3) Put y> H,O = (*) 2H 21-5 20-8 112 (this work) 
(4) PuO,? Ti H,O = (*) H 10-3 14-7 92 12 
(5) PuO,? (*)* H 15-5 2 


estimates using the charge and radius of the ions. Table 4 lists the thermodynamic 
quantities of activation for reactions of Pu** and PuO,?* with Ti®* and V3*. The 
Scomplex Values for reactions (1) and (2) of Table 4 are similar: whereas for the corre- 
sponding set of reactions (4) and (5), the agreement is not nearly so good. The range 
of entropy values for the activated complexes of a given charge type") has also 
increased. Apparently, although the charge on the activated complex to a first 
approximation determines its entropy, there appear to be other factors such as perhaps 
differences in charge distribution and in numbers of co-ordinated water molecules 


” J. J. Katz and G. T. Seasnora, The Chemistry of the Actinide Elements p. 430. Methuen, London 
(1957) 

W. Rapipeau and R. J. Kune. J. Phys. Chem 64, In press (1960). 

*)'S. W. Rapipeau and R. J. Kune, J. Phys. Chem. 63, 1502 (1959) 


14 
1960 


The kinetics of the reaction between plutonium(1V) and vanadium(II) in perchlorate solution 97 


involved in the reaction which have not been taken into consideration. In the reaction 
of Pu(IV) with V(III), although the path involving the inverse second power of the 


hydrogen ion concentration has a heat of activation 4-4 kcal mole greater than the 
inverse first power path, the greater disorder in the activated complex compensates 
for the higher heat and both paths contribute significantly to the observed reaction 
rate. In fact, in solutions of low acidity, the inverse second powered hydrogen ion 
concentration path makes the major contribution. This does not appear to be the 
case for the reaction between Pu(IV) and Ti(IIT) however, since a path in which an 


inverse second power of the hydrogen ion concentration is involved is not observed. 


icknowledzement—The authors wish to express their appreciation to Dr. J. F. Lemons for valuable 


discussions and interest shown in this work. 
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HOMOGENER UND HETEROGENER 
ISOTOPENAUSTAUSCH Fe''/Fe" 
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Abstract—The homogeneous isotopic exchange in aqueous solution is strongly catalysed by sulphuric 
Sulphuric acid exists predominantly in the form of HSO,~ ions and therefore is able to effect 


acid 
the transfer of hydrogen atoms along hydrogen bonds 

The heterogeneous isotopic exchange between Fel! ions in solution and the solid water-free 
sulphate of Fe'" is also effected by the mutual change of the oxidation state The rate determining 
step is preceded by a dissociation equilibrium of the hydrated Fe'' ions; in that equilibrium hydrogen 
‘ions of the solid sulphate 


atoms are probably formed, which transfer a negative charge to the Fe! 


EINLEITUNG 
Zu den Isotopenaustauschreaktionen werden auch Oxydations-Reduktionsreaktionen 


vom Typus 
Fe!l(gelést) + *Fe!!(gelést) Fe'(gelést) + *Fe'(gelést) (1) 


gerechnet; diese Oxydations-Reduktionsreaktionen werden hiufig als Elektronen- 
austauschreaktionen bezeichnet,"~ da die wechselseitige Anderung der Oxydations- 
stufe formal durch einen Elektroneniibergang beschrieben werden kann. 

Die Kinetik derartiger Reaktionen kann mit Hilfe radioaktiver Indikatoren 
untersucht werden. Dabei ist wichtig, dass wahrend der Trennung der Komponenten 
kein Austausch stattfindet. 

Eine geeignete Trennungsmethode fiir Fe!/Fe'!' wurde von Dopson" gefunden 
und auch von anderen Autoren benutzt. 

Dopson stellte fest, dass der homogene Isotopenaustausch Fe!!/Fe!!! (Gl. 1) in 
wassrigen Lésungen eine Reaktion 2. Ordnung ist und mit messbarer Geschwin- 
digkeit abliuft. Die Isotopenaustauschgeschwindigkeit ist bei héheren py-Werten 
d.h. mit fortschreitender Hydrolyse—grésser; sie steigt ausserdem mit wachsender 
Chloridionenkonzentration gleichmiassig an. (Aus den Messungen von SILVERMAN 
und Dopson®) bei 20°C und der lonenstirke 0-55 erhalt man fiir die Geschwindig- 


keitskonstante etwa k = | + §-3{Cl-]) 1 Mol-'sec™'.) Der Einfluss 


von Fluoridionen und von Rhodanidionen auf den homogenen Isotopenaustausch 
Fe!!/Fel!! wurde von Hupts und WAHL" und von LAureENcE™»*’ untersucht. Sowohl 
Fluoridionen als auch Rhodanidionen bilden—ihnlich wie Chloridionen—mit 


R. W. Dopson. J. Amer. Chem. Soc. 72, 3315 (1950) 
J. SILVERMAN u. R. W. Dopson, J. Phys. Chem. 56, 846 (1952) 
J. Huprs u. R. W. Dopson. J. Amer. Chem. Soc. 78, 911 (1956) 
*) G. S. Laurence, Trans. Faraday Soc. 53, 1326 (1957) 
F. S. Darnton, G. S. LAuRENcE, W. Scunerper, D. R. StRANKS u. M. S. Vaipya in R. C. EXTERMANN, 
Radioisotopes in Scientific Research Vol. 2, 8. 305. Pergamon Press, London (1958) 
© J. Hupis u. A. C. Want, J. Amer. Chem. Soc. 75, 4153 (1953) 
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Eisenionen Komplexverbindungen; diese Komplexbildung hat ebenfalls nur einen 
verhiltnismiassig geringen Einfluss auf die Geschwindigkeit des Isotopenaustausches. 
Mit Eisen(III)-azidionen wurden ahnlich hohe Austauschgeschwindigkeiten beob- 
achtet wie bei héheren Py-Werten. Alle diese | ntersuchungen wurden in Per- 
chlorsdure-haltigen Lésungen ausgefiihrt. 

Als Reaktionsmechanismus fiir den homogenen Isotopenaustausch wurde eine 
Ubertragung von Wasserstoffatomen iiber W asserstoffbriickenbindungen vorge- 
schlagen"’) nach dem Schema 

if tl II 
(H,O);Fe "OH - - OFe**(H,O), (H,O),Fe* O -- - HOFe (H,O), (2) 
H H H H 


In guter Ubereinstimmung mit diesem Reaktionsmechanismus wurde in D,O eine 
um den Faktor 2 geringere Geschwindigkeit fiir den lsotopenaustausch gefunden 
als in H,O." 

Im Gegensatz zu den Untersuchungen in wassrigen Lésungen verlief der lsotopen- 
austausch zwischen Ferrocen [Bis(cyclopentadienyl)-eisen(I])] und Ferrociniumsalz 
oder-perchlorat] in alkoholischer | Osung 
unmessbar rasch.’ Hier liegen keine lonen gleicher | adung vor, die sich gegenseitig 
abstossen, sondern ungeladene Molekiile; ein direkter E! -ktroneniibergang zwischen 
ist denkbar. 


und des I e! 


den Chelatkomplexen des Fe! 


2. EXPERIMENTELLER 


Die von Dopson' benutzte Trennungsmethode fiir Fe'! und Fe"! hat gewisse Nachteile: Das 
Tris( xx -dipyridyl)-eisen(I1)-salz haftet in merklichem 1 miang am festen Eisenhydroxvd. Darauf 
haben bereits Hupis und Want hingewiesen. Ausserdem kénnen kleine Mert gen Fe nur nach 
Zugabe eines Trigers abgetrennt werden. Um die dadurch bedingt ehlierquelien zu vermeiden und 
auch kleine Mengen Fe''! ohne Zugabe eines Tragers abtrennen zu kénnen, wurde ein anderes Tren- 
nungsverfahren ausgearbeitet:'*’ Entliiftete | Osungen von Ammon cetat (py 6), «x’-Dipyridyl 
Kohlenstofftetrachlorid und Acetylaceton wurden in einem Scheidetrichter vorgelegt. Nach Zugabe 


der Probe wurde sofort extrahiert. Fe! und Fe! wurden in den beiden getrennten Phasen direkt 
kolorimetrisch bestimmt 

Die | ntersuchung des homogenen und des heterogenen Isotopenaustausches wurde in der 
gleichen Apparatur vorgenommen. Diese machte es méglich, wihrend des Versuches laufend 
Proben zu entnehmen. Eine Glasfritte verhinderte das I indringen von Kristallen bei der Probenahme 


wihrend des heterogenen lsotopenaustausches 


Die Eisen(Il)-bzw waren mit hdéherer spezifischer Aktivitat 
(10 C/g) markiert, das aus Amersham (England) bezogen wurde. Die Aktivitét wurde in einem 
Flissigkeitszihlrohr gemessen, und zwar die Aktivitaét des Fe" in der dssrigen Phase, die Aktivitat 
des Fe"! in der Kohlenstofftetr ichloridphase 


3. HOMOGENER ISOTOPENAUSTAUSCH 
Die Ergebnisse einer Messung des homogenen Isotopenaustausches Fe''/Fe''' in 
Perchlorsiure sind in Abb. | wiedergegeben. Die Vorteile der lrennungsmethode 
machten sich dabei besonders bemerkbar. Die Ergebnisse der Messungen des 
homogenen Isotopenaustausches Fe''/Fe!!! in Perchlorsiiure stehen in guter Uberein- 
stimmung mit den Ergebnissen anderer Autoren. 
Fiir die Geschwindigkeitskonstante k des homogenen Isotopenaustausches bei 
R. W. Dopson, J. Phys. Chem. $6, 852 (1952); R. W. Dovson u. N. Davipson, Ibid. 56, 866 (1952) 
K. H. Lieser u. H. Scuroever, Z. Anal. Chem. im Driick 
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20°C in 0-5 m-Perchlorsiure und in Gegenwart von 10°? Mol/Liter Kaliumrhodanid 
folet z.B. 12-3 1. Mol! sec”'. Geschwindigkeitskonstante und Halbwertzeit 
t),» fur den Austausch sind durch die Beziehung 


In 2 


+ 


(3) 


miteinander verkniipft. 
Uberraschenderweise wurde bei Verwendung von Schwefelsiure anstelle von 
Perchlorsdure eine ausserordentlich hohe Geschwindigkeit fiir den homogenen 


10 


(Prozent) 


Relative spezifische Aktivitat 


Zeit, (Min) 


Die Anderung der spezifischen Aktivitét beim homogenen Isotopenaustausch 
n Fe'! (10-* Mol, Liter, mit °*Fe markiert) und Fe!!! (10-* Mol/Liter) in 0-5 molarer 
Perchlorsdure 


Il beobachtet. Die Austauschreaktion war bei einer 


Isotopenaustausch | e'/Fe 

Konzentration von je 10-* Mol/Liter Fe'' und Fe''! in 1-molarer Schwefelsdure 
bereits nach | Minute beendet. In Gegenwart von Rhodanidionen ergab sich 
dasselbe Bild. 

Legt man fiir den Isotopenaustausch in |-molarer Schwefelsiure ebenfalls eine 
Reaktion 2. Ordnung zugrunde, so berechnet man unter Beriicksichtigung der 
Messfehler, dass die Geschwindigkeitskonstante k der Isotopenaustauschreaktion in 
|-molarer Schwefelsdure grésser ist als 320 1. Mol sec!. D.h. der homogene 
Isotopenaustausch Fe!!/Fe!!! verlaiuft unter sonst gleichen Bedingungen in 1- 
molarer Schwefelsiure um mehr als den Faktor 26 schneller als in 0-5-molarer Per- 
chlorsdure. Dies kann nicht auf dem Einfluss der Wasserstoffionenkonzentration 
beruhen (vgl. Abschnitt |), sondern nur auf der Anwesenheit der Sulfationen. Damit 
kommt man zu dem Ergebnis, dass die lsotopenaustauschgeschwindigkeit durch 
Sulfationen mindestens 10 mal so stark erhéht wird wie durch Chloridionen. Fluorid- 
ionen oder Rhodanidionen der gleichen Molaritit. 

Schwetfelsdure liegt in |-molarer Lésung zu etwa 85 Prozent in Form von HSO, - 
lonen vor.” Diese lonen vermégen sich infolge ihrer negativen Ladung bevorzugt 

H. S. HARNeD u. B. B. Owen, Physical Chemistry of Electrolytic Solutions 8. 610. Reinhold. New York 


(1950) 
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an die positiy geladenen Eisenionen anzulagern. wodurch eine Ubertragunge von 


Wasserstoffatomen iiber W asserstoff briickenbindungen méglich wird. etwa nach dem 
Schema 


ir O O 
(H,O);Fe OSOH - - - OFe®'(H,O), (H,O),Fe OSO - - - (H,O), (4) 
O H O H 


oder 


(H,O),Fe OSOH - OSOFe (HO), (H,O);Fe OSO - - - HOSOFe*(H,O), (5) 
O O O 


Der Mechanismus des homogenen Isotopenaustausches ist dann in Gegenwart 
von Schwefelsiure der gleiche wie in Abwesenheit von Schwefelsiure (GI. (2)): er 


(Prozent) 


Relotive Aktivitot, 


Zeit, (Min) 


Ans. 2 Aktivitatsverlauf in der Lésung beim heterogenen lsotoper tausch zwischen Fe! 
(gelost, 10-* Mol/Liter, mit markiert) und Fe des wa en 


wihrend der AuflOsung des wasserfreien Eisen(II1)-sulfats in n 


irer Perchlorsdure 


besteht in beiden Fallen in einer { bertragung von Wasserstoffatomen iiber Wasser- 
stoff briickenbindungen. Der Isotopenaustausch wird durch Schwefelsiiure in 


iihnlicher Weise katalysiert wie beispielsweise durch die Hydroxokomplexe des 
Eisens, die sich bei héheren Py-W erten bilden. 


4. HETEROGENER ISOTOPENAUSTAUS( H 


Die Auflésungsgeschwindigkeit des festen wasserfreien Eisen(II1)-sulfats in 


wassrigen Lésungen wird durch die Anwesenheit von Eisen Il)-ionen oder anderen 


Reduktionsmitteln in der Lésung wesentlich erhéht. Aus diesem Grunde wurde 


der heterogene lsotopenaustausch Fe!!/Fe!!! zwischen markierten Eisen I1)-ionen in 


der Lésung und festem wasserfreien Eisen(II1)-sulfat untersucht. In Abb. 2 sind die 
relativen Aktivititen des Fe'! und des Fe!!! als Funktion der Zeit wiedergegeben. 
Das Eisen(I11)-sulfat geht in Lésung und die Konzentration der Eisen(II1)-ionen Steigt 
mit der Zeit an. Gleichzeitig findet in der Lisung der homogene Isotopenaustausch 
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Fe!!/Fe!!! statt. Infolgedessen steigt die Aktivitaét des Fe!!! kontinuierlich an und 
die Aktivitaét des Fe!'! nimmt kontinuierlich ab. 

Viel interessanter ist die Aufzeichnung der relativen spezifischen Aktivitait als 
Funktion der Zeit (Abb. 3): Kurz nach Beginn des Auflésungsvorgangs besitzt das 
in der Lésung auftretende Fe!!! die gleiche spezifische Aktivitiit wie das vorgelegte 


Fe'l. Im weiteren Verlauf des Auflésungsvorgangs ist die spezifische Aktivitit des 


Fe!!! héher als die des Fe!'; infolge des homogenen Isotopenaustausches Fe!!/Fe!!! 
in der Lésung nahern sich die spezifischen Aktivitaéten allmahlich einander und 


| 


Ane. 3.—Die spezifischen Aktivitaten des Fe'! und des Fe!!! in der Lésung beim heterogenen 
Isotopenaustausch zwischen Fe!!(gelést) und Fe! des wasserfreien Eisen(II1)-sulfats 


(Versuchsbedingungen wie in Abb. 2 angegeben) 


werden schliesslich praktisch gleich. Diese Ergebnisse zeigen, dass bei dem heterogenen 
Isotopenaustausch das Fe!!! aus dem vorgelegten markierten Fe!! entsteht. Es 


findet also kein Austausch von Atomen, sondern eine wechselseitige Anderung der 


Oxydationsstufe—d.h. formal ein Elektroneniibergang—statt. 
Ein Einfluss der Art der Saure auf die Auflésungsgeschwindigkeit des Eisen(II1)- 


sulfats ist nicht erkennbar. In Schwefelsdure und in Perchlorsdure werden gleiche 
(10 


Aufldsungsgeschwindigkeiten gefunden. 

Untersucht man die Abhiangigkeit der Auflésungsgeschwindigkeit des Eisen(II1)- 
sulfats von der Fe'!-Konzentration in der Lésung, so findet man, dass die Auflésungs- 
geschwindigkeit des Eisen(II1)-sulfats mit der Quadratwurzel aus der Fe!!-Konzen- 
tration ansteigt.“” Diese Gesetzmissigkeit deutet darauf hin, dass dem Geschwin- 
digkeits-bestimmenden Schritt des Auflésungsvorgangs ein Dissoziationsgleichgewicht 


der hydratisierten Eisen(I1)-ionen vorgelagert ist. 
Das Dissoziationsgleichgewicht kénnte nach zwei verschiedenen Mechanismen 


Scuroever, Z. Elektrochem, im Druck 
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zustande kommen, die sich formal durch die Gleichungen (6) bzw. (7) beschreiben 


lassen: 


Fe! (gelist) Fe!!(gelést) + (6) 


(H,O),Fe® OH — (H,O).Fe®*OH H (7) 


H 


Im ersten Fall (Gl. 6) sollte die Auflésungsgeschwindigkeit mit steigender Eisen(II)- 
ionenkonzentration in der Lésung absinken, da die Gleichgewichtskonzentration an 
Elektronen herabgedriickt wiirde. Die Auflésungsgeschwindigkeit ist jedoch unab- 
haingig von der Eisen(II)-ionenkonzentration in der | Osung. Obwohl Theorien fiir 
den Ubergang von Elektronen vorgeschlagen wurden,‘ 


konnte ein direkter 


Elektroneniibergang zwischen gleichgeladenen lonen in wissrigen Lésungen bisher 
experimentell noch nicht festgestellt werden. 
Sehr viel wahrscheinlicher ist ein Dissoziationsgleichgewicht nach Gl. . Ist 


ein solches Dissoziationsgleichgew icht vorgelagert, so besteht der Mechanismus des 


heterogenen Isotopenaustausches ebenso wie der Mechanismus des homogenen 
lsotopenaustausches in der [ bertragung einer negativen Ladung durch ein Wasser- 
stoffatom. Beim homogenen lsotopenaustausch hat man Wasserstoffbriickenbin- 
dungen anzunehmen; man findet eine Reaktion 2. Ordnung. Beim heterogenen 
Isotopenaustausch kénnen sich wahrscheinlich deshalb keine Wasserstoffbriicken- 
bindungen ausbilden, weil die Eisen(II1)-ionen des festen Fisen(II1)-sulfats nicht 
hydratisiert sind; in diesem Falle entstehen in einem Dissoziationsgleichgewicht aus 
den hydratisierten Eisen(Il)-ionen Wasserstoffatome (GI. (7)). Der Geschwin- 
digkeits-bestimmende Schritt besteht dann in der bertragung einer negativen 
Ladung durch die Wasserstoffatome auf die Eisen(III)- ionen des festen Eisen(III)- 
sulfats, wobei Eisen(II)-ionen entstehen. Die Hydratisierung dieser Eisen(I1)-ionen 
verlauft verhaltnismiassig rasch. 


il 
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CHLORIC ACID-WATER-TRI-n-BUTYL PHOSPHATE 
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(Received 18 September 1959) 


Abstract—Attempts have been made to identify the species formed in a heterogeneous equilibrium 


between aqueous hydrochloric acid and pure tributyl phosphate. In addition to the conventional 


distribution and water content determination, physical-chemical measurements of density, viscosity 
and conductivity of the organic layer were carried out. Two well defined species were found to 
exist as a result of solute-solvent interactions in the system studied. The first, formed at lower 
nitial aqueous acid concentrations has the composition [(TBP),-HCI-(H,O),]; the second, formed 


her acid concentrations, has the general formula [TBP-HCI(H,O),]. The reactions involved 
have been suggested. The system studied is of interest in connection with the extraction of in- 


organic chlorides from hydrochloric acid solutions into tributyl phosphate 


THe development of solvent extraction for both analytical and separation purposes 
has emphasized the interactions involved in the distribution of inorganic species 
between water and various organic solvents. In these solute-solvent interactions, 
the complex-forming property of the organic solvent is considered to be an important 
factor. One of the more useful solvents for investigation of this kind of reaction is 
tri-n-butyl phosphate, (C,H,O),PO, (TBP), a basic non-electrolyte, which is widely 
employed as an excellent extractant of inorganic nitrates from aqueous nitric acid 
solutions. Since the high complexing ability of the TBP molecule is due to the basic 
oxygen of the phosphoryl group, it seemed of interest to investigate the interactions 
involved in the distribution of mineral acids other than nitric’ *’ between water and 
[BP, and to identify the species extracted. The system HCI-H,O-TBP was chosen 
in the first instance. 

Systems involving hydrochloric acid as extraction-promoting agent have been 


studied in the distribution of actinides and lanthanides," zirconium,” alkali chlor- 


ides’*® and several other metallic chlorides“*’ between aqueous acid solutions and 


TBP. Certain data are available on the distribution of hydrochloric acid between 
water and TBP,'**** and on the hydration of the acid in the organic phase.“*!® 
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39 (1956) 

D. G. Tuck, J. Chem. Soc. 2783 (1958) 

D. F. Pepparp ef al., J. Phys. Chem. 57, 294 (1953): J. Amer. Chem. Soc. 75, 6063 (1953); J. Amer 
Chem. Soc. 3, 370 (1957) 

4. E. Levitt and H. Freunp, J. Amer. Chem. Soc. 78, 1545 (1956) 

W. H. BaLpwin, ¢ i Hiacaoins and B. A. Sotpano, J. Phys. Chem 63. 118 (1959) 
T. V. Heacy and P. E. Brown, AERE’CR/1970 (1956) 

I. J. Gat and A. Ruvarac, Bull. Inst. * Boris Kidrich™ 8, 67 (1958) 

H. Irvine and D. N. EpainGton, J. Inorg. Nucl. Chem. 10, 306 (1959) 

D. F. Pepparp, G. W. Mason and J. L. Mater, J. Inorg. Nucl. Chem. 3, 215 (1956). 
D. G. Tuck and R. M. Diamonp, Proc. Chem. Soc. 236 (1958) 
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However, no results have so far been published showing that in the extraction of this 
acid its distribution between water and pure TBP is not simple, and that the complexing 
property of the TBP plays a very important role. In addition, our preliminary 
results on the extractability of a series of metal chlorides have suggested the need for 
an investigation of the acidic species existing in, or extracted into. TBP. and for a 
correlation of the nature of this acidic Species with the distribution of metal chloride 
in each case. 

In order to characterize the composition of the species extracted, data are presented 
in this paper on the physical-chemical nature of the TBP phase. Variations in density, 
viscosity and conductivity are noted. The swelling of the TBP phase is interpreted, 
together with its acid and water content, as a function of the acid concentration in the 
initial aqueous phase with which the TBP was equilibrated. Two well-defined hydrated 
acid species were found to exist in, or to be extracted into. the organic phase, and 
evidence for their formation is formulated. 


EXPERIMENTAI 
Reagents 


Baker’s “Analysed Reagents” grade hydrochloric acid was standardized against standard 
carbonate-free sodium hydroxide solutions. Calculated amounts were taken for thirteen stock 
solutions of various concentrations TBP, obtained from ( ercial Solvents Corporation, 
was purified by treatment with sodium hydroxide followed by dist tion Excess of water was 
removed by several treatments with magnesium sulphate, and the final product was stored over 


anhydrous sodium sulphate in a dark bottle 


Equilibrium and volume change measurements 


The swelling of the organic phase, due to the solubility of aqueous hydrochloric acid in it. was 
measured in 10 ml graduated (0-1 ml) centrifuge tubes; these had been th roughly cleaned in hot 
sulphuric acid to ensure complete phase separation. 5S ml of the dried TBP were carefully added 
from a 10 ml microburette to § ml of the initial aqueous hydrochloric acid solution. The interface- 


and air-menisci were immediately noted. The stoppered tubes were then shaken mechanically 


for 15 min. Excellent phase separation was ensured after 1 min of centrifugation, and the menisci 
at equilibrium were read to within — 0-025 ml. The average was taken of at least five determinations 
which never differed by more than 2 per cent. The room temperature was 20 1-5 C during 


these measurements 


Acid distribution measurements 


The contents of the five tubes from the equilibrium measurements were poured into one 50 ml 


centrifuge tube and centrifuged. The organic layer was removed using a pipette with a long drawn-out 
tip. Aliquots, 5 or 10 ml, of both phases were immediately diluted, the organic phase with a 1:3 
water-ethanol mixture, and in each case the acid content was determined by standard alkali All 
analyses were performed in duplicate or triplicate. The acidity balance for total hydrogen ion 


concentration in both the aqueous and organic layers after equilibration agreed within | per cent 
with the amount originally introduced 


Density measurements 


Pyknometers of approximately 3 ml capacity were used to determine densities of the freshly- 
equilibrated organic layers, and were placed in a water bath at a temperature of 20 0-1 ¢ The 
density of pure water was taken from LANGe’s Handbook of Chemistry. The density values were 
used to calculate viscosity values in centipoises 
J. Kennepy and S. S. Grimiey, AERI 


CE/R 968 (1952) 
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Viscosity measurements 


The viscosities of the TBP phases were determined by means of an Ostwald type viscometer 
calibrated with conductivity water. All measurements were carried out in a thermostatic water 
bath at 20 0-1'C. The viscosity of pure water was taken from The International Critical Tables 


Conductivity measurements 


Resistance measurements were carried out using an Industrial Instruments onductivity Bridge 
Model RC-216-Bl, and a frequency of 1000 cycles. The cell constant was determined from the 
specific conductance values of potassium chloride taken from The Handbook of Physics and € hemistry. 


Since the solvent conductance is due solely to the hydrated electrolyte dissolved in it, no solvent 


correction Is necessary. 


TABLE | 


Vol 


Molarity of HC] 


HCl H,O 
increase n th in th 
l e e 
No Inthe Inthe Inthe of the HCl, TBP H,O, TBP 
yf i“ organic Organic 
nitial equil equil organic ratio : ratio 
) phase phase 
aqueous aqueous organic phase 
(mmole) (mmole) 
soln phase phase (ml) 


4 


l 0-0031 O28 0-016 0-0009 18-7 1-0 

‘ 2 0-243 0-250 0-0073 0-30 0-029 0-033 0-04 0-002? 18-3 1-0 
3 0-607 0-616 0-027 0:30 0-044 0-049 O14 0-0077 18-2 1-0 
4 1-215 1-208 0-075 0-30 0-062 0-070 0-40 0-022 18-9 1-0 

5 2-429 2-333 0-223 0-30 0-096 0-108 1-18 0-065 20-3 1-1 

6 3-644 3-330 0-604 0-45 0-182 0-220 3-26 0-18 28-2 1-5 

7 4-859 4-338 1-052 0-70 0-243 0-322 0-33 2-2 

8 6-351 5-565 1-540 0-90 0-279 0-399 909 0-50 51°8 2:8 

) 7-288 6285 1-924 1-00 0-307 0-460 11-50 0-63 55-3 3-0 

10 8-892 7-584 2-474 1-15 0-326 0-521 15-22 0-83 56°2 

11 »-717 8-254 2-806 1:25 0-341 OS68 17-50 0-96 30 

12 11-431 9-528 3-318 l 0-349 0-633 21-40 1-18 56-5 3-1 

13 12-146 10-178 3-622 1-55 0-356 0676 23-72 1:30 §5-2 0 


| 
| 


Water determinations 


The water content of the TBP layer was found by means of the Karl Fischer reagent, using the 
dead-stop end-point method as determined with a Fisher Titrimeter. The reagent was standardized 
against a known “Fisher Scientific Reagents” solution of water in methanol. In addition, the reagent 
was checked by titration against TBP equilibrated with water to prove the feasibility of the method 
in the presence of TBP. Duplicate trials showed that the results were reproducible to within 3 per 
cent or better 


RESULTS 


Distribution of the acid 


Table 1 shows the hydrochloric acid content in the initial aqueous solutions, and 


the molar concentration of the acid in both aqueous and organic equilibrium layers. 
column (6) shows the calculated concentration distribution coefficients, x, defined 


as 
conc. of HCI in the organic layer 


conc. of HCI in the aqueous layer 


In column (7) are given the calculated mass distribution coefficients, u, defined as 


total amount of HCI in the organic layer 


total amount of HCl in the aqueous layer 
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rhe relation between these two coefficients is given by 


in the equil. aqueous phase 


HCI molarity in the equilibrium organic ; 
its molarity in the equilibrium aqueous p! 


aqueous layers respectively. The volume increases of the organic phases in ml are 
given in column (5) of Table 1, and the ratio of the two volumes in column (6) of 


Table 2. The concentrations of the acid in the equilibrium organic and aqueous 


phases are plotted in Fig. 1. The distribution isotherm shows that extraction of the 
HCl from the aqueous into the TBP phase is not uniform: in low-acidity regions the 


hol soution 


Percentage of HCI extracted vs. HCI m 
the initial aqueous solution 


species extracted differ from those in middle- and high-acidity regions.'® The break 
in the curve coincides with the increased swelling of the organic phase and coincides 
with the break in the curve in Fig. 2, in which the percentage of HCI extracted is 


plotted against the acid molarity in the initial aqueous solutions. 


4 
~ a 
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Swelling of the TBP phase 


In Fig. 3 the ratio Vy/V, [Table 2, column (6)] is plotted against the amount in 


mmoles of hydrochloric acid extracted into TBP. Two breaks are clearly distinguish- 
able. The first corresponds to about 9-1 mmoles of HCI and the second to double 


cV 


mmoles HCl extracted 


Fic. 3 The ratio V,/ V, of phase volumes after 
equilibration vs. mmoles of HC! extracted 


Ratio We 
Specific Vo/V, Degree 


No 
‘ Density Viscosity Equivalent ; 
of conductance of the of 
at 20 € at 20 € oe conductance 
soln at 20 € equilibr ionization 
(g/cm*) (centipoise) at 20 € 
(mhos 10°) phases (%) 


6 


l 0-978 4-419 0-0029 0-935 1-13 0-07 
2? 0-978 4-382 0-0068 0-927 1-13 0-07 
3 0-979 4-402 0-O184 0-679 1-13 0-05 
4 0-982 4-624 0-0499 0-668 1-13 0-05 
§ 0-985 5-725 0-267 1-203 1-13 
6 0-992 7-106 0-956 1-583 1-20 0-19 
7 1-002 10-743 2-088 1-985 1-32 0-36 
8 1-011 14-198 2-920 1-970 1-44 0-47 
1-016 16-928 3-296 2-025 1-50 0-57 
10 1-022 20-698 3-855 1-560 1-60 0-54 
1-028 22-542 3-923 1-398 1-6 0-52 
12 1-031 24-465 3-790 1-140 1-82 0-46 
13 1-034 25-535 3-366 0-930 1-90 0-40 


this amount, 18-25 mmoles. The total amount of tributyl phosphate in 5 ml corre- 
sponds to 18-3 mmoles of the ester, neglecting its extremely low solubility (0-04 per 


cent) in water and aqueous HCI."*) The two breaks, therefore, correspond to the 
total formation of the compounds (TBP),"HCI and TBP-HCI respectively. A direct 
plot of the swelling of the organic phases millilitres in (Table 1, column (5)) against 


mmoles of HCI extracted, shows the same two breaks at identical TBP : HCI ratios. 


C. E. HicGins, W. H. BALDwin and B. A. SoLDANo, J. Phys. Chem. 63, 113 (1959) 
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Density of the TBP phase 


The results of the density measurements carried out on the organic phase in the 
course of this work are given in column (2) of Table 2. A plot of these values versus 
the amount of the acid in the organic phase, Fig. 4, gives a curve composed of three 
parts corresponding to low-, middle- and high-acidity regions. The point at which 
the first two parts of the curve intersect on extension corresponds to a TBP : HCl 
ratio of two, corresponding to the formation of (1 BP),-HCl. The second break, 
between the second and third parts of the curve, corresponds to a ratio of unity, 
demonstrating the formation of the compound TBP-HCl. 


Fic. 4.—Density of the equilibrium Organic phase versus mmoles of HC! extracted 


Viscosity of the TBP phase 


The viscosities in centipoises of the series of solutions of hydrochloric acid in 
TBP are tabulated in column (3) of Table 2. The curve of viscosity plotted against 
mmoles of HCI extracted into TBP (f ig. 5) shows only one intersection between the 
middle- and high-acidity regions, at approximately 18 mmoles of HCI in the organic 
phase, which can apparently be ascribed to the formation of the compound TBP-HCl. 
No plausible explanation can be Suggested as to why the experimentally determined 


viscosities do not show evidence for the formation of the first compound. 


Conductivity of the TBP phase 


Data on the specific and equivalent conductances of the organic layers are listed 
in columns (4) and (5) of Table 2 respectively. Fig. 6 shows the graph of the equivalent 
conductance /, plotted against the Square root of the acid concentration ,/c, in the 
organic phase. The beginning of the conductance isotherm is slightly displaced 
towards low / values. The curve then rises rather Steeply and after a flat maximum, 
descends steeply as the equivalent conductance decreases. The intersection on 
extension over the flat maximum corresponds to a TBP : HCI ratio of two. corre- 
sponding to the formation of (TBP),-HCI. 
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Water content of the TBP phase 

Numerical values for the distribution of water into TBP along with the electrolyte 
are given in columns (10) and (11), Table 1 and in Fig. 7 the extracted H,O is plotted 
vs. the extracted HCI in mmoles. The slope of the first part of the curve is equal to 


mmoles HCl extrocied 


ity of the equilibrium organic phase vs. mmoles 


of HCI extracted 
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ic of HCL extracted 


Equivalent conductance of the equilibrium organic phase vs. the 


square root of the HCI concentration in the organic phase 


four, indicating that each hydrochloric acid molecule is accompanied by four water 
molecules on passing from aqueous solution into TBP. The intersection of the two 


parts of the curve appears at 9-7 mmoles of HCl, corresponding to a ratio of TBP to 
HC! of two. From this point onwards the almost horizontal part of the curve indicates 
that any further hydrochloric acid molecules extracted are no longer hydrated. The 


amount of water in the organic phase remains essentially constant and equal to a 
H,O : HCI ratio of three. 
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DISCUSSION 


Two well-defined compounds between TBP and hydrochloric acid were detected 
by the physical-chemical methods used in this research. The ratio TBP - HCl was 
two in the first compound and unity in the second. The compounds formed between 
tributyl phosphate and nitric acid,""*) and between tributy! phosphate and perchloric 
acid") were found to have a TBP : acid ratio of one. Hitherto no TBP-acid 
compound has been identified with this ratio greater than one. On the other hand, 


mmoles 


mmole # 


extracted 


Mmoles of H,O extracted vs. mmoles of HCI, both in the 
equilibrium organic phases 


nothing can be deduced from the evidence presented in this paper concerning the 
existence of compounds with a TBP : HCI ratio of less than unity. The existence of 
such compounds can, however, not be excluded, as a compound containing two 
molecules of nitric acid to one of TBP has recently been found to be present in 
systems containing | M TBP in benzene as a diluent.“”) This problem is being 
studied during investigations into the system H,O-HCI-TBP-diluent, and it is hoped 
that the results will be published in due course. 

An approximate measure of the degree of ionization of the hydrochloric acid in the 
organic layer was estimated by means of the Walden relation 47/60. The calculated 
values, presented in Table 2, column (7), show that hydrochloric acid exists to a 
large extent in molecular form or as ion-pairs,"'*’ the degree of ionization, xp, varying 
between 0-05-0-57 per cent. When 2, is plotted against the concentration of the acid 
in the organic phase, the maximum ionization value corresponds to a TBP : HCI 
ratio of approximately two. 

For some mineral acids, among them hydrochloric acid, a hydration number of 
four in aqueous solution has been suggested by several authors.""*) Many others have 
given evidence agreeing with the above result,*!%'52 based on studies of liquid 
1. A. C. McKay and A. R. Matuieson, Trans. Faraday Soc. 47, 428 (1951). 

). E. Camppeirt, H. A. CLark and W. H. Bauer, J. Phys. Chem. 62. 506 (1958). 

S. Povicku, A. S. SoLovKin and I. V. Saiuin, ZA. Neorg. Khim. 3, 222 (1958) 


N 

V. B. SHevcuenko, |. V. and A. S. SotovKin, Zh. Neorg. Khim. 3, 225 (1958). 
V. Fromin and E. P. Materova, Zh. Neorg. Khim. 3, 540 (1958) 

RK 

K 
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M. Diamonp, J. Phys. Chem. 61, 75 (1957) 
N. Bascompe and R. P. Bett, Disc. Faraday Soc. 24, 158 (1957) 
*' I. Netipov and R. M. Diamonp, J. Phys. Chem. 59, 710 (1955) 


a 
5 
a 
= 
* == 
« 
l, 
60 
ey 
. 


112 4. S. KERTES 


extraction of mineral acids, and have pointed out the significance of the associated 
water in the extracted species."*") The large difference in the hydration number of 
hydrochloric acid when extracted from low and from high aqueous acid concen- 
trations is very probably connected with its proton hydration in the initial aqueous 


solution. For concentrations of acid up to about 7-8 M in the aqueous solution, the 
hydration number of four may be taken as correct.” At this concentration all the 
water is combined with the ions, and little exists as free solvent. Therefore, when the 
concentration of the acid exceeds 8 M, a deficiency of water may be assumed. Thus 
concentrated hydrochloric acid may act as a dehydrating agent upon a substance 
possessing loosely-bound water; this dehydrating property of concentrated hydro- 
chloric acid seems to be pronounced in the system under consideration. The first 
compound identified in this study has a H,O : HCI ratio of six, but after further 
extraction of hydrochloric acid, the second compound is formed with a H,O : HCI 
ratio of only three. On the other hand, the H,O : TBP ratio is equal in both the 
[BP hydrochloric acid compounds identified. 

In the hydration of the TBP-mineral acid species in the organic layer, two out- 
standing differences must be emphasized between the role of water in the interaction 
of nitric acid with TBP and its role in the case of hydrochloric acid. The first difference 
lies in the competition between water and the acid for the available TBP. This 
competition is characteristic for systems containing nitric acid, but not for those 
with hydrochloric acid. The formation of the TBP hydrochloric acid compound 
passes through the stage of the TBP monohydrate molecule only, and the second 
difference is concerned with this phenomenon. There seems to exist today a unani- 
mous belief**’ that there are no hydrated nitric acid-TBP compounds; our 
results, on the other hand, show that all the hydrochloric acid-TBP compounds 
known are hydrated. 

A phenomenon which has so far not been reported was observed in connection 
with the hydration of the hydrochloric acid species extracted. It was found that a 
homogeneous equilibrium organic layer, which has already been completely separated 
from its equilibrium aqueous phase, releases a second layer after a few days. This 
“spontaneous dehydration” was more closely investigated and the results will be 
reported in a subsequent paper. All the results presented in this paper are based on 
measurements carried out on aqueous and organic layers immediately after equilibra- 
tion. 

From the above discussion, the following scheme may be suggested for the 
interaction of TBP with aqueous hydrochloric acid. At low acidities up to about 3 M 
initial aqueous HCl, the extraction of acid into the organic phase is probably not 
accompanied by any interaction between the acid and the TBP. The main reaction 
in the system up to this point is that of TBP with water. In this region there is only 
a very slow change, if any, in the physical chemical properties of the organic layer. 
The swelling of the TBP layer up to this concentration is equal to the swelling caused 
by its equilibration with water, and neither the viscosity nor the density of the organic 
phase changes appreciably. The water content of the organic layer remains practically 
unchanged, and only a minimal amount of acid enters. It could be supposed that the 
HCI species are appreciably ionized in the monohydrated TBP (although this is not 
indicated by the calculated degree of ionization) and that only an increase in acid 


A. H. Laurene, D. E. Camppecr, S. E. Wipertey and H. M. Ciark, J. Phys. Chem. 60, 901 (1956) 
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concentration will promote ion-pairing. The occurrence of conductance minima is 
characteristic of polar compounds dissolved in media of low dielectric constant and 
has been explained by the formation of ion-pairs."*" This would cause a further 
rather abrupt increase in the distribution ratio of HCl. On increasing the solute 
concentration in the initial aqueous solution up to 7 M e. medium concentrations 
the dielectric constant of the initial aqueous solution decreases, thus facilitating 
ion-pair formation. The occurrence of solute-solvent interaction, in addition to 
interactions of purely coulombic attraction, leads to the stabilization of the ion-pairs 
formed. At this middle-acidity region, each HCl molecule passing into the TBP 
carries four water molecules. Thus the water content of the organic layer increases 
up toa H,O : TBP ratio of three. When a TBP : HCI ratio of two is reached, accom- 
panied by a change in the physical-chemical properties of the organic layer, the 
third type of interaction begins. At these high concentrations, the acid passing into 
the TBP is unhydrated. The water content remains constant, corresponding to a 
ratio of H,O : TBP of three, the same as that reached at medium concentrations. 
At about 10 M acid concentration in the initial aqueous solution, the compound 
completely formed has a TBP : HCI ratio of one. The formation of this compound 
is accompanied by a break in the curves showing the dependence of the physical 
chemical properties of the organic layer on its acid concentration. 
The following reactions are implied in the above arguments: 


TBP org + [TBP-H,O]ore 
2ATBP-H,O]org + H*(H,O), ag + Cl-ag 
+ H*ag + Cl-aq — 


The first reaction shows the formation of the recognized and stable TBP 
monohydrate."") The second reaction involves the interaction between this 
monohydrate and the tetrahydrated hydrochloric acid. The third equation repres- 
ents the interaction between the first TBP-hydrochloric acid compound and 
additional unhydrated hydrochloric acid, resulting in the formation of the probable 
final compound between HCI and TBP. 


a 
4 (1) 
: (2) 
(3) 
q 4 
4a 
a 
a 
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THE SELECTIVE ADSORPTION OF HEXAVALENT 
URANIUM BY A NON-IONIC PHOSPHORYLATED 
RESIN FROM SOLUTIONS OF DI-n-BUTYL 
PHOSPHORIC ACID IN BENZENE 


J. KENNEDY, F. A. BURFORD and P. G. SAMMES* 
Atomic Energy Research Establishment, Harwell, Didcot, Berks 


(Received 8 September 1959) 


Abstract—Uranium is quantitatively adsorbed by the non-ionic phosphorylated resin diethyl poly- 
styrene-methylenephosphonate (EPMP) from 2 per cent solutions of dibutyl phosphoric acid (HDBP) 
in benzene. Iron (Fe**), lanthanum, zirconium, niobium, thorium and mixed fission products when 
present in the HDBP/benzene phase are not adsorbed. Adsorption of uranium from solutions 
containing the complex UO,(DBP),-2HDBP results in the liberation of approximately two equivalents 


of HDBP and is considered to occur via the mechanism 


2EPMP UO,~DBP),-2HDBP = UO,.DBP),-2EPMP — (HDBP),. 


The uranium is quantitatively eluted with a benzene solution of dimethyl formamide. Under low 
loading conditions HDBP is adsorbed in the absence of uranium as EPMP-HDBP. The selectivity 
for uranium is compared with the synergic enhancement of uranium extraction with combinations 


of non-ionic and acidic phosphorylated solvents 


Mono-Basic phosphorylated reagents HX (where X = (RO),P(O)O) are dimeric in 
inert diluents and extract uranium under low loading conditions as follows," 


UO, 2(HX), UO,X,°2HX + 2H" (1) 


\ feature of the extraction with these reagents is that in a number of cases a com- 
bination of HX and a non-ionic phosphorylated reagent N (were N A,P(O) and A 
is an alkyl or alkoxy group) results in an enhancement of the extraction coefficient 


such that the latter is considerably in excess of the sum of the coefficients obtained 
with the separate reagents.'*) With the possible exception of neptunyl and plutony!l 
ions this synergic effect has not been observed with other metals such as Fe**, La, V, 
Mo, Al and Th though the general extraction mechanism with HX alone is the same 
under low loading conditions as for the uranyl ion.'** 


n(HX), = MX, -nHX + nH (2) 


The effect clearly implies a reaction between the non-ionic reagent N and the extracted 
uranium and that this reaction is confined to the latter species only. The American 
workers*:*:>) who first drew attention to these remarkable features of uranium 


* Present Address: Frankland Laboratory, Royal College of Science, South Kensington, London, S. W 
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extraction are inclined to favour the following extraction mechanism in the presence 
of N 

UO,? 2(HX), + N = UO,X,-2HX ...N + 2H (3) 
with N probably attached through hydrogen bonding in the extracted species. 


Although experimental evidence is quoted to substantiate this hypothesis,'® the 
absence of the synergic effect with most other elements is surprising, as with the 


same general extraction mechanism (equation 2), one would also expect the formation 
of the hydrogen-bonded complexes MX nHX ... yN() 1) with other species in the 


presence of N. Also, experiments of ours have shown that benzene solutions of uranyl 
dibutyl phosphate [UO,(DBP),] and | O.(DBP),-2HDBP remain anhydrous after 
equilibration with aqueous solutions, and this precludes an otherwise likely possibility 
that the enhanced partitions are the result of water displacement from the complex by 
the synergising reagent such as 


UO, Xy2HXH,O + N = UO,X,-2HX-N + H,O 


Considerations such as these and the likelihood of an octa- rather than a hexa- 
co-ordinated uranium in the species extracted by HX in the absence of N led to the 
Suggestion that the extraction mechanism in its presence may be‘®? 


UO,*+ + (HX), + 2N = UO,X,-2N + 2H (4) 


and that synergisis resulted from the monomeric N obviating the necessity of dis- 
sociation of the relatively stable dimer (KS): ~ 10®) which is essential in equation 
(1). This is also equivalent to saying that the addition of N to a system containing 
UO,X,°2HX should result in the reaction 


UO,X,2HX + 2N = UO,X,-2N + (HX), (5) 


It is conceivable that the liberation of ( HX), in this instance could be detected and 
estimated by physical methods, e.g. infra-red spectroscopy.* However, it was consid- 
ered of interest to test equations (3) and (5) by substituting a non-ionic phosphorylated 
resin’ for N. If uranium is adsorbed in accordance with the following equation 
[analogous to (5)}: 


UO,Xy2HX + 2R = UO,Xy2R + (HX)p, (6) 


the liberated acid could be estimated by direct titration of (HX), in the inert diluent 
phase. On the other hand if the adsorption mechanism is analogous to that of 
equation (3) 

UO,X,2HX + R = UO,X,2HX...R (7) 


the acid as well as the uranium should be depleted from the contacting phase. 
Irrespective, however, of the use of this approach in providing an indication of the 
validity of equation (3) or (5), the extreme selectivity of the synergic effect should 
render possible the use of an insoluble resin phase to adsorb and separate uranium 
from a host of other metals that are extractable by the acid reagent from aqueous 
solutions into the liquid organic phase. In the subsequent experiments, with a non- 
tonic phosphonate resin and solutions of uranyl dibutyl phosphate and dibutyl 
* See “Note added in proof” p. 121 


J. Kennepy, AERE/C/M-—369 (1958) 
"J. Kennepy, J. Appl. Chem. 9, 26 (1959); J. Kennepy and H. Sma. AERE/C/R 1668 (1956). 
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phosphoric acid (HDBP) in benzene, these expectations were fully realised. Eighty- 
five to ninety per cent of the HDBP in the species UO,(DBP),-2HDBP was liberated 
into the benzene phase on adsorption of the uranium and most of the remaining acid 
was probably adsorbed as the species R-HDBP. 


EXPERIMENTAI 


Preparation of resins 


The non-ionic resins experimented on were triallyl phosphate (TAP) prepared by bulk polymeriza- 


tion of the monomer'*’, and diethyl polystyrene-methylenephosphonate EPMP 


(OEt),]. This was prepared in accordance with Permutit Co. specifications’ which are based on the 
| 


general Arbuzov reaction 


RX (R'O),P RX 


RP(O)OR ), 


In order to obtain a completely non-ionic EPMP resin the relative quantities of the reagents differed 
slightly from those recommended by Permutit and the ar ion is described here in detail. Tri- 
ethyl phosphite (EtO),P which was obtained from Albright and Wilsons, Birmingham, was redistilled 


(b.p. 60°/5 mm) over sodium metal. The latter precaution was taken in order to prevent the distillation 
of traces of the hydrogen phosphonate (EtO),P(O)H which has a comparable boiling point and which 


would otherwise reduce yields of the 9 tga in an Arbuzov reaction. The distill: ite (144 g) was 
added to a crosslinked chloromethylated co-polymer of styrene and divinyl benzene (48 g; 20:3% Cl; 
1 per cent nominal divinyl benzene) obtained from the Permutit Co. After sti inding at room tempera- 
ture for 2 hr the mixture was heated to reflux of the phosphite (ca. 120°C.) in a nitrogen atmosphere 
After 4 hr at reflux the resin had absorbed all the phosphite and that which had not reacted (large 
excess) was removed by washing with cold acetone on a filter, followed by Soxhlet extraction with 
refluxing acetone. The yield of dry resin product (73-7 g) was theoretical, based on the chlorine 
content (20-3 per cent) of the intermediate. The phosphorus content of the resin (10-2 per cent), 
which also agrees with the theoretical calculated content was determined by wet-oxidizing a weighed 
portion of the resin (1 g) with nitric and sulphuric acid in a Kjeldahl flask. After most of the sulphuric 
acid was evaporated, the clear residue (ca. 1 cm*) was diluted with water and neutralized to pH 3-0 
with strong alkali (ca. 10 N), followed by potentiometric titration to pH 10-5 with standard O-IN 
sodium hydroxide. The phosphoric acid present was estimated from the standard alkali consumed 
between the first and second equivalence points. Under these conditions of preparation the resin 
contained no acidic groups. The benzene regain (grammes of benzene absorbed/gramme of resin), 
measured as for the toluene regain of polystyrene,''”’ was 3-3 

Dibutyl phosphoric acid (HDBP) was obtained as a commercial product (98 per cent purity) from 
Albright and Wilsons. As it did not contain detectable quantities of other phosphoric acids, further 
purification was considered unessential. Stock solutions of HDBP/benzene were made up by dissols ing 
weighed portions of the acid in benzene. These solutions were also standardized by potentiometric 
titration of aliquots of the benzene solution in the presence of water 

Uranyl dibutyl phosphate UO,(DBP), was prepared as described elsewhere."'’ Benzene solutions 


of this compound with varying concentrations of HDBP were made up by dissolving weighed portions 


of UO,(DBP), in aliquots of the standardized solutions and diluting with benzene to standard volume 
Solutions of **Zr (containing the *°Nb daughter) and °’Fe** were obtained from the Radiochemical 


Centre, Amersham “La and mixed fission products were prepared by neutron irradiation of 


‘Specpure’ lanthanum nitrate and uranyl nitrate in BEPO. Solutions of the f-active elements in 2‘ 


HDBP/ benzene were obtained by extracting solutions of the isotopes in nitric acid (0-1 N) with an 


equal volume of organic phase. ***Th (UX,) was similarly extracted from an aqueous solution 


containing uranium (5 mg) The extractions of Fe, La, Zr, Nb, Th and uranium were approximately 


quantitative. Thirty-five per cent of fission product /-activity was extracted from aqueous solutions 


after a two-day rai swale’ and from considerations of partition data obtained with individual 


isotopes the extracted activity would be mainly due to rare earths, molybdenum, zirconium and 


J. Kennepy, E. S. Lane and B. K. Ropinson, J. Appl. Chem. 8, 459 (1958) 
J. R. Mitten, CON HAR. 64 (1956): Private communication (1959) 

K. W. Pepper, J. App/. Chem. 1, 124 (1951) 

J. Kennepy and S. Grimiey, AERE/CE/M-—48 (1953) 
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niobium. Additional uranium was added to the aqueous solution of fission products prior to extrac- 
tion, which brought its final concentration in the extractant up to 5 mg/50 ml. The concentration of 
the other isotopes were less than 10-* M. 


Adsorption and partition data 


Adsorption of uranium from benzene solutions containing UO.DBP),, in the absence and 


presence of HDBP, was carried out by shaking weighed portions of the resin (} g) with the solutions 
(50 ml). The uranium content of the solution alter a specified contact period was measured colori- 
metrically by estimating the peroxide complex''®’ after extraction into an aqueous phase with sodium 
carbonate. The effect of DBP anion on uranium measurement iqueous solution is undetectable 
when the mole ratio DBP/t 30, but in excess of this a correction term was applied ( 5 per 
cent of the observed estimations), which was based on separate Measurements with accurately known 
DBP/U ratios. The uranium adsorbed on the resin was estimated as the difference between the initial 
and final quantities in the benzene phase. The distribution coefficient (K,) is defined as the metal 
adsorbed by | g of resin divided by the metal concentration per mullilitre of benzene solution at 
termination of the contact period. In a number of instances the values of K, for uranium are not 
equilibrium values. | quilibrium values of K, for HDBP between resin and benzene in the absence of 
uranium were similarly obtained from the depletion of the acid in the benzene phase. The phases in 
these instances were in contact for 20 hr though equilibrium was attained in less than 3 hr 
Adsorption on resin columns was carried out by passing 50 ml of 2 HDBP-benzene solutions 
containing the metals through beds of resin (2 g; bed dimensions in ber zene 12 cm 0-9 i.d.), which 


were swollen in benzene prior to transference to columns The proportion of metal adsorbed was 
estimated radiometrically in the case of f-active isotopes, or colorimetrically, as previously described, 
for uranium 

RESULTS AND DISCUSSION 

On the basis of its phosphorus content (10-2 per cent), the theoretical capacity of 
EPMP for uranyl nitrate is 3-19 milliequivalents (meq) U/g assuming the adsorbed 
species UO(NO,),,2EPMP. The observed capacity on loading from a uranyl nitrate 
solution in acetone containing 10 mg U/ml as O(NO,),, as described for TAP‘, 
was 29 meq U/g. The theoretical capacity, 3-19 meq/g, 1s assumed in the subsequent 
discussion, 

It was found that the phosphate ester resin (TAP) had a low uranium uptake 
(K, 1-5) under the outlined experimental conditions. On the other hand. the uptake 
of the phosphonate resin EPMP was appreciable with AK, values of 40 to >600 
depending on the experimental conditions. As the Sequence of synergic enhancement 
with monomers is phosphate phosphonate,"** the resin adsorption sequence 
TAP < EPMP is not surprising. K, values after 20, 90 and 160 hr contact periods 
for EPMP are plotted in Fig. 1 as a function of excess HDBP. 

As UO,(DBP), in the absence of HDBP is polymeric," the evidently slow rate of 
attainment of equilibrium under these conditions is largely due to steric hindrance to 
its penetration through the resin network. This effect has also been demonstrated 
with large ionic species and sulphonated ion exchangers.’ As a result of the con- 
tinuous decrease in molecular size of the polymer as the HDBP to | ODBP), ratio 
is increased," the initial increase in K, with HDBP is evidently due to an increasing 
rate of diffusion as the polymeric species is degraded. I xcept for the low initial HDBP: 
UO,DBP), ratios (<1 : 1), equilibrium has been attained at 90 hr. and the subsequent 
sharp decrease in K, from a maximum of >600 can be ascribed to increasing com- 
petition with the liquid phase HDBP for the uranium. This indicates. as is subsequently 


A. A. SmMaces and E. Furasy, AERE/C’ R-344 (1950) 

™ T. V. Hearty and J. Kennepy. J. Inore. Nucl. Chem 10, 128 (1959) 

T. R. E. Kressman and J. A. Kivcuener. J. Chem. Sox 1208 (1949); J. A. Kitcuener, Jon-# xchange 
Resins. Methuen, London (1957) 
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confirmed, that liberation of HDBP accompanies the adsorption of uranium. The 
equilibrium K, value would remain constant, or change much more slowly with HDBP 
concentration, if the adsorption mechanism was that of equation (7). K, values as a 
function of time are given for three initial HDBP : UO,(DBP), ratios in Fig. 2. These 


nitiot HDBP 


K, values for partition of U (initial conc 0-0103 M) between EPMP and HDBP 
benzene (50 ml) for varying initial ratio of HDBP : VO,(DBP), 


experiments are not exhaustive and were primarily conducted to obtain a practical 
ratio suitable for subsequent column adsorption experiments. 

It is apparent from Figs. | and 2 that attainment of equilibrium is relatively slow 
even for HDBP : UO,(DBP), ratios which are initially as high as 10 : 1, but it is 
unlikely that the effect in the latter case is the result of the bulky polymeric aggregates 
of [UO,DBP,)}]. The quantitative studies of Bags et a/. on the viscosity and isopiestic 
') indicate that the species 
is largely monomeric at HX : UX, ratios equal to or in excess of 2 : 1. Hindrance to 
diffusion of the species UO,(DBP),-2HDBP, with a diameter of 16-20 A, is, however, 
a likely contributory cause. It has also been observed in the case of complexing resins 


properties of dioctyl phosphoric acid and uranium in hexane 


that attainment of equilibrium in aqueous systems with strongly-bound ions, such as 
UO,**, is extremely slow (> 3 weeks) compared with the weakly-bound alkali and 


alkaline earth metals under similar conditions.”* Indications are that this effect may 


be the result of a surface layer or skin of a stable resin-metal complex which has a 


®) J. Kennepy, V. J. WHeecer and J. Marriot, unpublished work (1959) 
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low solvent regain and which presents a barrier to the passage of other ions from the 
solution phase to the resin interior. An analogous effect with UO,(DBP), and EPMP 
IS a possibility, in view of the considerable contraction of the resin as it is loaded 
with uranium. 

The equilibrium K, values for HDBP distributed between EPMP and benzene are 
given in Table 1. 


Fic. 2.—Rate of U uptake on EPMP for different initial ratios HDBP : UO,(DBP),,. 


TABLE | DISTRIBUTION AND MASS-ACTION COEFFICIENTS FOR HDBP BETWEEN BENZENE AND EPMP 


OF THEORETICAL CAPACITY 3-19 me 


Final HDBP (HDBP), HDBP in A A A 
in solution SHDBP resin (HDBP)», (HDBP)» R(HDBP) (R HDBP} 
(meq/ml) (meq/g) HDBP (HDBP),}[R} 


0-00153 0-000765 0-0303 20-0 62 0-120 


0-0044 0-0022 0-0508 13-8 +6 0-115 
0-0107 0-00535 0-0822 7-68 2:4 0-131 
0-0286 0-0143 0-1267 4-4 1-4 0-120 
0-0642 0-032! 0-1900 3-0 0-95 0-125 


Acidic dialkyl phosphates, HX, and non-ionic phosphorylated reagents, N, are 


known to react as follows." 


(a) N + (HX), = N...(HX),; (b) 2N + (HX), = 2N...HX (8) 


and by analogy the adsorption of HDBP by EPMP would be expected to occur via 


similar reactions. The approximate constancy of K.’ in Table | indicates that the 


predominant mechanism in this instance is equation (8b), and that the adsorbed species 


is R-HDBP. 


H. Baker and C. F. Bars, Division of Physical Chemistry. 134) Meeting of the American Chemical 
Society, Chicago (1958) 
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Potentiometric titration curves of an aqueous phase in contact with HDBP/ benzene 
and in the absence and presence of UO,(DBP), are given in Fig. 3. 
HDBP can be readily estimated in the presence of uranium, though a discontinuity 
occurs after the HDBP has been neutralized due to hydrolysis of UO,(DBP),. 
Passage of a benzene solution (50 ml) of UO,(DBP),-2HDBP (1 2-35 mg/ml) 
through a bed of EPMP resin (1-8 g) at a very slow flow rate (passage time 6 hr) 


em? N/IO NaOH 


Fic. 3.—Titration of HDBP in benzene (1-96 10°? M; 20 ml) with and without UO,(DBP), 


resulted in a total adsorption of 90 mg U. Eighty-five per cent of the HDBP initially 
associated with the adsorbed uranium remained in the benzene phase. Though it is 
conceivable that some of the remaining acid could be associated with the adsorbed 
UO,(DBP),, all or the largest proportion is adsorbed as R.HDBP, as at least 75 per 
cent of the original resin capacity (380 mg U) has not reacted with uranium. When a 


similar experiment is carried out in the absence of uranium, 10 per cent of the total 
acid is adsorbed. Batch experiments with EPMP (} g) and UO,(DBP),:-2HDBP in 
50 ml of benzene led to similar conclusions, with 91 per cent of the HDBP initially 


associated with the uranium remaining in the benzene phase. 

The experiments show almost conclusively that adsorption of uranium results in 
the liberation of two equivalents of HDBP. As the resin is non-ionic the adsorbed 
species is predominantly UO,(DBP),. 


Separation of uranium from other metals 

Adsorption of uranium from solutions of 2 per cent HDBP/benzene, when the 
initial ratio HDBP : UO,(DBP), = 10:1, by columns of EPMP is quantitative. 
These ratios were chosen so that equilibrium would be rapidly attained (Fig. 2). 
Under the same conditions no adsorption of Fe**, La, Zr, Nb or Th occurs. A slight 
but definite adsorption (ca. 2 per cent) of the /-activity in the fission product extracts 
occurs after a two-day decay period. No detectable adsorption occurs after 10 days 
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decay, which indicates that the adsorbed p-activity may be due to * “"N pO. DBP),. 
Uranium is quantiti atively recovered by elution of the column with four bed-volumes 


of a 50°. v/v solution of dimethyl formamide in benzene. Partial elution is effected 


with ten bed-volumes of a similar solution of ethyl alcoho! 


CONCLUSIONS 


The adsorption of uranium from HDBP/benzene solutions by EPMP occurs via 


the mechanism 

vEPMP —- UO,~DBP),-2HDBP — UO DBP),-xEPMP — (HDBP), 
and can be compared with the adsorption of uranyl nitrate by the non-ionic resin 
TAP where the adsorbed species is UO,(NO,),-2TAP.7 Though not established in 
the preceding experiments, x is probably two in the above equation. In all probability 
a similar reaction such as that depicted in equation (5) occurs with the monomeric 
non-ionic reagents N, which in turn implies equation (4) as a mechanism of extraction 


of uranium from aqueous solutions by a combination of acidic (HX) and synergising 
reagents (N). A first order dependence of the extraction coefficient on the concentra- 
tion of N when HX is constant, and a second order dependence on the concentration of 
HX at constant N is quoted as evidence for equation (3).'°’ This, however, might 
perhaps indicate that when HX is in considerable excess of N that the species 
UO,X,"HX:N is formed which would result in a distribution coefficient that is pro- 
portional to [(HX),]'°[N], but would also result in a synergic effect on the same 
grounds [obviating monomerization of (HX),] as equation (4)* 

Experimental evidence is accumulating for the octa-co-ordination of uranium and 
four membered ring structures with bidentate acetate ligands have been demonstrated 
in sodium uranyl acetate NaUO,(O-CO-CH,),."% Analogous structures with 
bidentate nitrate ligands were postulated for the complexes of uranyl nitrate with 
non-ionic phosphorylated reagents,” and this has been confirmed by X-ray crystal- 
lography in the case of [(EtO),P(O)},UO,.NO,),.° In passing it is of interest to 
speculate that the enhancement of the extract ibility of uranium from sulphuric acid 
solutions into a TBP phase") when nitric acid is added to the system is at least partly 
due to octa-co-ordination being achieved with 2TBP in the anhydrous species 2TBP 
Assuming a bidentate sulphate, the species 4TBP UO ~SO,)—whose 
formation is unlikely as a result of the spatial requirements of the 4TBP molecules 
or the hydrated and organo-phobic (4 — x)TBP xH,O UO,SO, would otherwise be 
necessary for achieving octa-co-ordination. 

Four-membered ring structures invol\ ing bidentate DBP and monodentate HDBP 
ligands in the complex UO,(DBP),2HDBP are therefore a distinct possibility and 
could, as previously suggested,'® explain the causes of synergism in uranium extrac- 
tion and its absence in the extraction of other metals with combinations of acidic and 
neutral reagents. It is, however, fair to add that comparisons based on the preceding 
experiments might lead to erroneous conclusions in view of possible reactions resulting 


* Note added in proof:—\nfra-red examinations of carbon tetrachloride solutions of t O,(DBP),, HDBP, 
and tri-octyl phosphine oxide TOPO, (taken separately and in combination), are consistent with the existence 
of the species UO,(DBP), 2TOPO and UO,(DBP),HDBP-TOPO. No evidence was found for the species 
UO,(DBP),,-2HDBP . .. TOPO. (J. Kennepy, P. G. Sammes and M. Deane, Chem. & Ind. In press.) 


*) 'W. H. ZACHARIASEN and H. A. PLetrincer, Acta Cryst. 12, (1959). 

® J. Kennepy, Chem. & Ind. 950 (1958) 

**) H. LYNTON, Private communication; J. E. FueminGc and H. Lynton. Chem & Ind. 1409 (1959). 
T. J. Cottopy, NLCO-749 (1958) 
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from the inhomogeneity of the organic phase in the resin/solvent system, and the 
results obtained are, therefore, considered as supporting rather than conclusive 
evidence for previous postulates.'® 
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The melting and boiling points of beryllium chloride and an 
investigation of the NaC!/BeCl, system 


(Received 9 November 1959) 


One method at present in use for the production of beryllium metal is the electrolysis of a fused 
mixture of beryllium chloride with sodium chloride. It was with the object of obtaining data relevant 
to this process that the work described below was undertaken. References in the literature to the 
melting and boiling points of beryllium chloride are few and of many years’ standing. The most 
recent and most widely accepted figures are those of RAHLFs and FiscHer'"’ who quote 405°C and 
488°C respectively—before that Leseau'*®’ had obtained 440 10 C for the melting point, KLEMM 
had suggested 416 = 2°C as the most probable value, and Scumipt'*’ 404 'C. The variation in these 
figures prompted the re-examination 

(1) The preparation and purification of the chloride. The material used was prepared in three w ays: 
(a) by the chlorination of a beryllium oxide produced by Murex Ltd. at Milford Haven, (b) by the 
purification of a crude beryllium chloride produced by Murex Ltd. from (1), and (c) by the chlorina- 
tion of a commercially available French metal! flake (Pechiney) 

For (a) the apparatus shown in Fig. | was used. Chlorination was achieved by passing carbon 
tetrachloride vapour with dry argon as carrier gas over the oxide at about 600°C. The chloride 
formed sublimed and was deposited on the cooler portion of the reaction tube whence it could be 
removed by tapping. At this stage the product, owing to its highly deliquescent nature, had become 
slightly hydrated and, owing to the method of removal from the tube, contaminated with beryllium 
oxide. A very pronounced attack of the hotter end of the furnace tube was observed 

Chlorination of the metal flake at about 600°C was effected with dried and purified cyclinder 
chlorine in a similar apparatus. The presence of ferric chloride in the initial sublimate was evident, 
but since its sublimation temperature is much lower than that of beryllium chloride it was possible, 
by suitable temperature adjustment of the cooler end of the furnace, to move most of it out of the 
apparatus 

The chloride produced as above and the crude beryllium chloride from Murex were purified in 
the standard vacuum equipment shown in Fig. 2. Pressures of 20-50 ~ and temperatures of 350 
380°C were used in the sublimation procedure and the material when finally purified was sealed off in 
the third collecting tube. The sealed tubes containing the chloride were subsequently cracked open 
in a dry-atmosphere glove-box and the material stored in polythene bottles 

The final product was pure white in colour and flowed easily in the sealed tubes without adhering 
to the walls. A typical spectrographic analysis showed it to contain :-300—400 p.p.m., Fe, 15-30 p.p.m 
Mg, 20 p.p.m., Na, 0 20 p.p.m. Other elements were not detected 

When heated above the melting point in a tube open to the atmosphere the material gradually 
darkened and a black suspension eventually appeared in the melt. In terms of quantity the suspension 
was <0-1°%. It was believed to be largely beryllium oxide caused by hydrolysis and attack on the 
vessel, a view confirmed by X-ray analysis which identified bery! 
evidence of graphitic carbon. It was assumed, therefore, that the discoloration was due to a trace of 


im oxide and silica but gave no 


amorphous carbon picked up at some stage in the preparation of either oxide or flake and carried 
forward mechanically during sublimation. This view is supported by the fact that the intensity of the 
colour decreased with successive sublimations although it was not possible to eliminate it completely 


O. RanHeis and W. Fiscner, Z. Anorg. Chem. 211, 349 (1933) 
Leseau, Ann. Chim. Phys. 16 (7), 493 (1899) 

W. Kiemo, Z. Anorg. Chem. 152, 243 (1926) 

J. M. Scumipt, Bull. Soc. Chem. 39, 1686 (1926). 
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Fic 1 The preparation of beryllium chloride. A silica gel: B carbon tetrachloride; C 
quartz tube; D furnace; E beryllium oxide; F beryllium chloride; G trap; H water trap 


Fic. 2.—The purification of crude beryllium chloride. A Pyrex tube; B furnace: ( glass 
wool; D Crude beryllium chloride; E sublimed beryllium chloride; X sealing off points 


Fic. 3.—The charging of tubes for m.p. and b.p. determinations. A Pyrex tube; B furnace; 
C glass wool; D pure beryllium chloride; E sublimed beryllium chloride: F suitable graded 
seal; G m.p. and b.p. tube (various); H phosphorus pentoxide; X sealing off points. 


Although attack on the glassware during purification was not apparent, it was not possible 
completely to sublime a quantity of the chloride. A residue of beryllium oxide always remained 
indicating that the reaction 2 BeCl, SiO, -> SiCl, BeO occurred at temperatures below 400°C. 


(2) Melting and boiling point determinations. The apparatus was conventional and consisted of a 


nichrome-wound furnace surrounded with about four inches of insulating material (vermiculite) placed 
in a metal beaker. Mild ancillary heating of the outside of the beaker was available so that cooling 
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rates could be adjusted as desired. A chromel-alumel thermocouple with a Honeywell-Brown 
continuous recorder indicated temperatures and the thermal e.m.f. values of the couple were checked 
against water, sulphur and sodium chloride. In the main, silica tubes were used for the determinations 
but experiments were also made in nickel, silver and platinum without significant differences in the 
results 

The design of the tubes and the method of charging with chloride from the vacuum system are 
shown in I ig. 3. Tubes were sealed off, removed from the system, and opened to atmosphere through 


TABLE | THE MELTING AND BOILING POINTS OF BERYLLIUM CHLORIDE 


398 403 403 403 399 
399 395'5 395:5 3965 396 
396 398 400 400 398 
399-5 399-5 401-5 397-5 


Average 399-2 


480 483 483 
b.p. CC) 482 583 483 482 Average 482-3 
483 483 48? 483 


moie Bet 


Fic. 4.—Phase diagram for the system NaCl Be 


the P.O, tube before being placed in the furnace. Rates of cooling averaged approximately 4 C/min. 
The results are shown in Table | 
The recorder was sensitive to a change of 0-04 m\ corresponding to 1 °C and its accuracy over the 


range was 1¢ The standard deviations for the melting and boiling point determinations are 

2:5'C and 1-C respectively. On the basis of the twenty results presented, and assuming the 
absence of systematic errors, the mean deviation from the mean is 1-25°C at the 80 confidence 
level and the melting point, in round figures, is 399 1'C. The boiling point is 482-5 1 C, the 


limit imposed by the measuring equipment. 

In addition to the halt at the freezing point, a second halt on the cooling curve was observed at 
approximately 335 C. This represents the transition to a second crystalline form which. under the 
conditions of the experiment, was not observed on the heating curve 
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The sodium chloride; bervilium chloride system 


(1) Determination of the melting points. With the exception of the tubes the equipment used was 
as described above. Quartz tubes were employed throughout and the thermo-couple, in a silica 
sheath, entered the top of the tube instead of the bottom. No P,O, tube was incorporated. The 
sodium chloride was AnalaR grade and was kept in a hot air oven at 80°-100 C when not in use 

Mixes were prepared in the dry-atmosphere glove-box. With experience it was found possible so 
to adjust the respective volumes of the dry solids that the resulting composition was fairly close to 
that desired. They were then shaken to mix the powder as intimately as possible and premelted over 
a bunsen burner before being placed in the furnace. At the end of each test the quartz tubes were 
broken open at the bottom and the fused pellet transferred to a weighing bottle for analysis. Care 
was taken not to include loose sublimate from the upper end of the tubes. The beryllium content of 
the fusion, after removal of the water-insoluble matter, was determined by precipitation with 
ammonia. The rates of cooling were similar to those noted in the melting point determinations on 
bervilium chloride 

(2) Results. The results of the determinations are shown in F ig. 4. Except for small differences 
in detail the general form of the phase diagram is similar to that originally published by Scumipr.'* 
A eutectic mixture of 55 mol beryllium chloride was found with a melting point of 210 C as against 
ScHMIDT’s figures of 51 mol and 215°¢ The shaded portion of the curve is hypothetical —the 
compound BeCl,-2NaCl is unstable in contact with the liquid above its incongruent melting point 

The individual cooling curves showed well-defined arrests along the solidus at 315°C and the 
eutectic at 210 C. The halts were also clearly evident along both liquidus curves to the left of the 
eutectic composition. On the beryllium rich side, however, the liquidus arrests near the eutectic 
composition were less decisive and may be as much as 10 C in error. Between 70 mol and 
100 mol beryllium chloride points along the liquidus again became well defined. The points shown 
within the BeCl, liquid area refer to the transition in beryllium chloride at 335°C which is depressed 
as the proportion of sodium chloride in the mixture increases 


E. Furpy 
U_.K.A.E.A., Harwell K. 1 


Didcot, Berks 


WILKINSON 


The reaction between thenoyltrifluoroacetone and its uranyl complex in benzene 


(Received 11 1959) 


November 


KING'"’ has determined the solubility of the uranyl chelate of thenoyltrifluoroacetone (TTA) in 
benzene solutions of TTA. He expresses his results in terms of an activity coefficient of the chelate. 
but the deviation of this activity coefficient from unity is so great that he suggests that a soluble 
addition compound is formed between the chelate and TTA 

UO.X, HX UO.X,HX where HX represents TTA (1) 
It is easy to test this hypothesis using Kina’s data. If K is the equilibrium constant for equation (1), 


and if the molecular species are assumed to be ideal solutes, the solubility of the chelate is given by 


IKS 
S (2) 
l KS 


where S is the solubility in pure benzene and Q is the initial concentration of TTA. The near linearity 


of the data over a wide range of concentration, as shown in Fig. 1, shows the approximate validity of 


the assumptions involved in equation (2). From the intercept and slope at low concentration one can 
calculate a solubility of 0-0096 M for the chelate in pure benzene and K 2:7 for reaction (1). The 
curvature in Fig. 1 at high concentrations shows the picture leading to equation (2) is not exact, and 


indeed KinG and Reas'*’ have shown that benzene solutions of TTA are not ideal. | sing the value 
from Fig. 1 for the limiting solubility, using KinGc and REas’ acti ity coefficients for TTA, and assuming 
equal activity coefficients for the two uranium species, one obtains values of K from the measurements 
at the three higher concentrations of 3-2 in 0-17 M TTA, 3:2 in 0-51 M TTA, and 4-6 in 1-53 M TTA 


 E. L. Kinc, USAEC Report TID-5290 Paper 34, p. 269 (1958) 
®) EL. Kine and W. H. Reas, USAEC Report AECD-2573 (1947) 
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Notes 


The high value at the high concentration suggests either non-ideality of the uranium species or 


formation of a higher complex 


ITA chelate 


It can be concluded from this analysis that the uranvl-TTA che tion compound 
with TTA in benzene solution, with a formation constant of about 3-2 olution uining this 


complex ire not ideal The CXISTENCCE 
examples of addition comp 


of this con plex is not surp a Viev the manv known 


ounds of uranyl! chelates 
Chemical Technology Division SIGFRED PETERSON 
Oak Ridge National Laboratory 


Oak Ridee, Tennessee 


Standard substances for magnetic susceptibility measurements 


(Received 26 November 1959) 
is used as a standard substance for the calibration 


Very often “Mohr’s salt” 
well-known book. has 


of magnetic susceptibility balances. This salt, recommended in Set woop’s 


a gram susceptibility 
9500 


erg/gauss*, 


according to absolute measurements made by JacKkson."? 
Setwoop, Magnetochemistr) Interscience, New York (1956) 
L. C. Jackson, Phil. Trans. Roy A 224, 1 (1924) 


| 
x | 
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Le 
| 
‘ 
| 
TTA ITRATION moles ter 
a. Fic. 1.—Solubility of uranyl TE in benzene solutions of TTA 
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Notes 


4 number of difficulties were encountered, however, in using this substance for calibration 
purposes. First of all, appreciable variations were found in the balance constants when calibrations 
were carried out at different temperatures. Secondly differences were found when samples of 
different origin were used This led to a comparative investigation of the three Tutton salts 
MSO,(NH,).SO,6H,.O where M Fe**, Co** and Ni** respectively. In addition a calibration 
was carried out with ferric-ammonium alum Fe,(SO,),(NH,).SO,24H,O. As a result of this 
NiSO,(NH,).SO,6H,O was chosen as standard substance for magnetic susceptibility 


n 


measurements between 80 and 300 K. It further appeared of importance to have a suitable standard 
substance in the high-temperature region in order to be able to make very accurate susceptibility 
measurements between 300 and 1200 K 


For several reasons Gd.O, was chosen for this purpose 


Experimental 


All susceptibility measurements were carried out with a Faraday torsion balance* in a vacuum 
case as described in the author's thesis where more complete data may be found The results of 
the measurements were represented in terms of the balance constants C as a function of field strength 
using the known susceptibility temperature relationships for the various compounds 

Ihe balance constants obtained with calibrations at different temperatures or with different 


substances are compared in Table 1. All results are given as differences in balance constant (AC) 


TABLE | 


Temperature 
Substance Origin of sample = AC 


NiSO,(NH,),SO,6H,O Own preparation 20 0 
NiSO,(NH,),.SO,6H,O Own preparation 193 
NiSO,(NH,),SO,6H,O Own preparation recrystallized 20 l 
NiSO,(NH,),SO,6H,O Own preparation recrystallized 193 2 
NiSO,(NH,),.SO,6H,O Merck p.a 20 2 
NiSO,(NH,),.SO,6H,O Merck p.a 193 l 


Fe,(SO,).(NH,),SO,24H,O Own preparation 193 0 
FeSO,-(NH,),SO,6H,O Merck p.a 20 
FeSO,-(NH,).SO,6H,O Merck p.a 193 8 
FeSO,(NH,),.SO,6H,O Merck p.a recrystallized 20 6 
FeSO,-(NH,),.SO,6H,O Merck p.a. recrystallized 193 12 
FeSO,(NH,),.SO,6H,O AnalaR A.R 20 4 
Own preparation 20 
CoSO,-(NH,).SO,6H,O Own preparation 193 24 

The susceptibility-temperature relat onships for the Fe**, Co and Ni**-salts have been given by 
JACKSON that for the ferric-ammonium alum by KiLemo.'’ 

In the last column: Ac (Cc C,) ¢ 100 where C, balance constant found by calibration at 
room temperature with a sample of NiSO,-(NH,),SO,°6H,O prepared by ourselves. The balance constant € 
is defined by U-C 7,G with: l reading of the torsion balance 

G weight of the sample 
7 gram susceptibility of the sample. 


relative to the constant obtained by calibration at room temperature with an arbitrary reference 
sample of NiSO,(NH,),SO,6H,O, prepared in the laboratory. The origin of the other samples 
is indicated in the table 


* Balance and magnet were placed at our disposal by the management of Philips Research Laboratories, 
Eindhoven 
*» P. Cossee, J. Inorg. Nucl. Chem. 8, 483 (1958) 

*) P. Cossee, Mol. Phys. To be published 

*’ P. Cossee and A. E. van ArkeL, J. Phys. Chem. Solids To be published. 
*’ P. Cossee, Thesis, Leiden (1956) 

” W. KLemM, Magnetochemie p. 223. Akad. Verl. Ges., Leipzig (1936). 
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nce constants obtained with 


In the calibration with Gd,O, (New Metals and Chemicals). the b 
NiSO,(NH,),SO,6H,O were used. When the reciprocals of the resulting z-values were plotted as 
a function of temperature, a perfectly linear relationship was obtained up to 1070°K. The deviation 


of each individual point from an ideal Curie-Weiss behaviour did not exceed 0-5 


Discussion 
It is seen from Table | that consistent results were obtained for NiSO,(NH,),SO,6H,O 


iCtualions 


regardless of the temperature of calibration or of the origin of the sample. The remainitr 


could be reduced to less than 1-0 by using small uniformly sized crystals.* Moreover. the 
calibrations with Fe,(SO,),-(NH,),SO,24H,O at liquid-air temperature fit remarkably well into 
those made with NiSO,(NH,),.SO,6H,O 

It is quite obvious from the table that both the Fe* and Cx Tutton salts are very unsatis- 


factory as standard substances. It may be theoretically explained hy the salts containing Ni 
or Fe ions are so much better as standard substances than the salts containing Fe 
or Co 1ONns 

Small variations in the composition of the compounds may have an influence on the environment 
of an appreciable percentage of the magnetic ions. For instance n FeSO,(NH,),SO,6H,O 

ae contains 5-9 molecules of water instead of 6-0, the error in the chemic ilysis is 0-5 niy. It may 

be, however, that 10°. of the Fe ire now surrounded by 5 molecules of water instead of by 6 

It is further known from crystal-field considerations that in sixf rdination N nd Fe 
have a singlet ground level, while Fe** and Ci both have three ng levels, which makes the 
magnetic properties of the latter two strongly dependent on the ¢ ronment 

This possibly explains the sensitivity of the s isceptibility of the Fe ind Co Tutton salts 
to recrystallization or to the origin of the sample 

Regarding the choice of Gd.O, as a secondary standard { the calibration at clevated 
temperatures, the following may be noted 

A standard substance for the high temperature region must be Olatile and stable against 
decompositic n; valency changes of the magnetic ions and strong anti-ferro-magnetic 
coupling between them are not allowed. Moreover, many ma ns show a complicated 
behaviour at elevated temperatures owing to van Vleck paramagnetism or to the fact that the 

; magnetic moment ts no longer constant 

From theoretical considerations it can be concluded that only S-state ions like Mn Fe** or Gd 
guarantee that Curie’s law will be obeyed up to very high temperatures. As Mn ind Fe n oxide 
lattices may rather easily change their valency and furthermore s!} strong coupling effects, we 


have introduced Gd.O, as a standard 


icknowledgement—The author is much indebted to Dr. P. F. Boncers for many discussions and 


helpful suggestions 


Laboratorium voor Anorganische P. Cosset 
en Physische Chemie 
Rijks Universiteit, Leiden 
* A convenient recipe for the preparation of standard NiSO,(NH,),SO,-6H,0O is given below 
NiSO,(NH,),.SO,6H,O (Merck) is recrystallized: the crvstals ar 1 in a@ mortar and small 
crystals of uniform size (0°3-0:5 mm diameter) are selected by s ‘ They must b ore; 1a 
desiccator which in its lower part contains solid NiSO,(NH,),SO,6H,O in equilibrium th the 
saturated solution in order to maintain the proper vapour-pressure lependently o empe it 
The gram susceptibility is then given by 
3174 erg 
{ --— -— 0-30 } 
2°5 gauss 


Present address: Koninklijke Shell-Laboratorium, Amsterdam 


The preparation of 9-tungstoberyllic acid 


(Received 9 September 1959; in revised form 31 December 1959) 


BERYLLIUM complexes readily with many oxygenated molecules or anions. Thus it is to be expected 
that beryllium, which can exist in an oxygenated anion, could complex with the simple tungstate ion 


4 
ay 
a 
ae 
9 
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or one of its condensed forms. However, apart from the expected beryllium salts of n, p and m 
tungstates, no other compounds are listed in the literature Beryllium is amphoteric and preliminary 
experiments suggested some form of complex formation both in alkaline and in acid solutions 
In alkaline solution, the spectrophotometric analysis of beryllium using quinalizarin or Eriochrome 
Cyanine R was found not to be quantitative in the presence of tungstate ion. In an acid solution 
of beryllium sulphate and sodium tungstate in approximately equimolar proportions, the tungstate 
ions present exhibited unusual properties. At a pH of 3, if nothing else was present, the bulk of the 
tungstate could be isolated as the ether addition-compound of metatungstic acid, by the Drecuse."’ 
method. However, with beryllium present in the solution, very little ether addition compound was 
formed. On concentrating and cooling the solution before the extraction with ether, no precipitate 
formed, i.e ) paratungstate appeared to be present. Thus the presence of beryllium alters the 
normal posed en reactions of ion tungstate on slow acidification. This may be due either 
to complex formation with the tungstate 10n Or One or more of its condensed forms, or to the 
formation of a distinct heteropoly acid. These two mechanisms are not necessarily separate in the 
initial stages (the formation of heteropoly acids probably involves the combination of the central 
metal ion with some simple condensed tungstate ion before the formation of the cx ymplete heteropoly- 
acid anion'*’) but only in the final product The analytical evidence, given later, indicates, because 
of the condensed form of the anion—nine tungsten atoms and one beryllium atom plus oxygen 
atoms—that the most likely possibility is the formation of a heteropoly acid 

In the chemistry of most of the higher heteropoly-acids of tur igsten, the separation of the pure 
acid or salts of the acid is difficult. In this case the difficulty was accentuated by the very great 
solubility of the compound in water and the relative ease of hydrolysis in concentrated solution The 


Anicreoass used after the initial acidification involved concentration to precipitate any sodium 


paratungstate, treatment with ether and 12 N sulphuric acid to remove any m-tungstic acid, extre icting 
with amyl alcohol to remove the tungstoberyllic acid and washing the amyl alcohol extract with 
water to prepare an aqueous solution of the tungstoberyllic acid. This aqueous solution was used in 
the preparation of the salts Attempts to isolate the free acid were unsuccessful as some decom- 
position always took place either on slow evaporation at room temperature or in a heated solution 
The sodium, potassium and ammonium salts were very soluble and difficult to prepare in a pure 
state. Lead and silver gave salts which could be purified by fractional crystallization. However, 
for ease of analysis, organic salts were usually used to identify the anion 

Polymerized tungstate ions appear to contain octahedral WO, groups in the solid phase. In 
solution, however, the ions are probab-y heavily hydrated giving a co-ordination number greater 
than six. The exact nature of these tungstate polymers in solution is doubtful. Sprrsyn"’ claims 
that polymers of a molecular weight corresponding to about fifty WO, units are found whereas 
SoucHay'*’ finds that the I: irgest ion sequen sree to about six WO, units. Thus there is some doubt 
about relating the salts cz utegorized by analysis with the predominant ions in solution. The basicity 
of tungstoberyllic acid in solution was found by potentiometric titration to be six. This value agrees 
with the maximum valency found by analysing the salts. The salts were examined thermogravi- 
metrically to determine if possible, differences in the bonding of the water of crystallization 
However, the salts began to decompose at about 100-120 C and no apparent break could be observed 
in the loss of water. The relz itively high water contents of the lead and silver salts were not specific 


as the percent: ige of water could be varied by altering the conditions of preparation 


Experimental 


Fifty-six grammes of sodium tungstate dihydrate were dissolved in about 500 ml of water The 


W 


water were added slowly to the sodium tungstate solution, which was being briskly stirred. At first 
there was a sl 
N sulphuric acid over a period of several hours to a pH of 3, the temperature being kept about 90°C. 


To remove any sodium paratungstate, the solution was concentrated to about 150 ml and left for 


ght precipitate which gradually redissolved. The solution was then acidified with 


a few days. After filtering, ether and 12 N sulphuric acid were added, according to the Drechsel 


E. Drecuset, Ber. 20, 1453 (1887) 

V. L. Sprtsyn, ZA. Neorg. Khim. 2, 502 (1957) 

V. Sprrsyn, Zh. Neorg. Khim. 2. 2102 (1957) 
* P. Soucuay, Ann. Chim. 18, 61 (1943) 


solution was heated almost to boiling. Fifteen grammes of beryllium sulphate in about 200 ml of 
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method, and the small amount of ether addition-compound of m-tungstic acid removed. These two 
separations accounted for about 10°. of the tungsten present. The aqueous layer was warmed 
gently and a stream of nitrogen bubbled through to remove any ether. It was then extracted twice 


with amyl alcohol. The amyl alcohol layer was removed and washed with water. The aqueous 
solution contained about 60°. of the original tungsten 


The following salts were prepared and analysed—guanidine. quinine, brucine, cinchonine. pyridine, 
nitron, lead and silver salts. 


Results 


Guanidine salt 3H,O 


(CN,H,),O 


wo, 


Found (°.)—(a) 15-40 0-96 81-30 2-34 
81-45 


Found 15-76 0-98 81°43 1-83 
0-95 81-50 
Cale. (°.) 15-84 0-97 81-10 2-09 


Pyridine salt 2-5(C;NH,),.O-BeO-9WO 3H,O 


(C,NH,),O wo, 


Found (°,)—(a) 16-40 0-95 81-02 1-63 


0-94 80-84 
Found (°,)—(h) 16°55 0-94 80-46 2-05 
0-93 80-20 


80-10 


Lead salt 3PbO-BeO-9WO, 35H,O 


PbO BeO wo, H,O 
Found (°.)—(a) 20-33 0-70 61-47 17-50 
20-21 0-71 61-62 17-46 
Found (°,)—(h) 20-01 0-70 61-30 17-99 


19-88 


Silver salt 


BeO 


Found (°,)—(a) 21-80 0-81 69-06 8-33 


21-55 O-84 68-72 
Found (°,)—(h) 22-55 0-85 69-20 7-40 
22-86 0-82 68-94 7-38 
Cale. (°%) 22-72 0-82 68-23 8-23 


In the cinchonine, quinine, brucine and nitron salts, the amount of « rganic cation varied from 
salt to salt, so the ratio BeO WO, only is given 


a 
a 
| 
4 
H.O 
Le Cale. 16-8 0-96 2-07 
50 
= 
q 
Cale. (%) 19-63 0-73 61-18 18-46 
Ag.O wo 


BeO: WO, 


Cinchonine salt 0-96:9 


0-94:9 
Quinine salt 0-98:9 
0-97:9 
Brucine salt 0-96:9 


0-96 
0-95 
0-96 


Nitron salt 


Vethods 


The standard methods of determining the ratio BeEO:WO 
Tungstic acid could not be completely removed from beryllium hydroxide, precipitated by adding 


proved inapplicable in this case 


ammonium chloride and ammonium hydroxide, and low and variable beryllium analyses were 


obtained after removing tungsten by boiling with caustic soda solution. Attempts to develop a 


spectrophotometric method using quinalizarin or Eriochrome Cyanine R were unsuccessful. These 


standard methods probably all failed because of complex formation in solution 


The method finally adopted depended on the volatility of tungsten oxychloride to separate the 


beryllium from the tungsten. The salts used were all organic-base salts. In the case of the lead and 


silver salts, the inorganic cation was first removed and the anion precipitated with cinchonine 


hydrochloride. A quantity of the salt was weighed out in a porcelain boat and placed in an ignition 
t 


tube. The tube was heated and a stream of dry HCl passed through for 6 hr. The tungsten was 


removed as the volatile oxychloride and condensed in a cold receiving tube. The dry HCl was then 


turned off and dry air passed through the tube to ignite the carbon from the organic base. These 


two processes were repeated until the material in the boat was pure white. As the beryllium oxide 


left was in a finely divided state, it had to be handled out of draughts, and it had to be cooled and 


yut of contact with moist air, since it absorbed water readily 


with concentrated HCI and adding a 10°, solution of cinchonine hydrochloride. The precipitate 


was ignited to WO 
Lead was estimated as the chromate and silver by titration with thiocyanate. The organic cations 


The tungsten present was estimated by boiling the salt with caustic soda, then acidifying rapidly 


nalysed in the normal manner. The water content was found by difference 


were 


The Royal College of D H. BROWN 
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The valency of *°* Tl formed by alpha-decay in aqueous solution 


(Received 14 January 1960) 


THe recoil following alpha-emission has a very much higher energy than that following most radio- 


active processes. For this reason it was of interest to look at the possibility of oxidation due to 


electron loss from radioactive atoms or ions formed by alpha-decay. (Positive charges have also been 


recognized by physical means in several cases of alpha-decay. This charge sometimes indicates 


electron loss from the decay product.) A convenient nuclide for this purpose would be *°*T1 (ThC”), 
the daughter nuclide formed by alpha-emission from *"*Bi (ThC). However, in this case the situation 


is complicated by the fact that alpha-emission is followed in a large proportion of disintegrations by 
d 


emission of a strongly converted gamma-ray of 40 KeV with a half-life of 4 10°" sec. (This 


process would again tend to increase the positive charge of the *"*Tl atom.) Thus the observed 


chemical processes are mostly the result of a succession of two separate recoils of which the second 


one may well have the greater influence 


Munn, P. Capron and H. Jopoone, Bull. Soc. Chim. Belg. 40, 35 (1931). 
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It should be realized that TI* is isoelectronic with Bi which probably constitutes a major 


fraction of the parent nuclide. Loss of a single electron from the recoil product would lead to TI 


the chemical fate of which is unknown to us. It may well transform to Ti* by preference. However, 


if two electrons should be lost, TI would be formed and this would appear in the thallic-ion 


fraction. The fact that only about one ThC” nucleus in three ends up in this fraction indicates that 


the average electron loss due to the nuclear processes cannot be much higher than |, at least in this 
example where the daughter atom is a thallium isotope. (That part of the ThC” is formed as TI 


in aqueous solution has already been demonstrated'*’ by HAHN.) 


Experimental 


The ThC solution was prepared from the radioactive deposit of an emanating radiothorium 


preparation. The radioactive material had been dissolved in nitric acid with lead and bismuth 
carrier and ThB had been removed by repeated precipitation of lead sulphate. The ThC” was allowed 


ThC” FORMED IN AQUEOUS SOLUTION BETWEEN T]*- AND 


DISTRIBUTION Of 


TABLE 1. 


TI***-FRACTIONS 


Concentration ratio Percentage of radioactivity 


in Tl 


Separation method 


5 (average 


Extraction 
Extraction 1/3 63: 67: 66: 65 (average: 65) 


Precipitation 3 71 (average: 74) 


Precipitation 


4 (average 


(and nitric and sulphuric acids). After radioactive 


to grow in the solution containing Tl* and Tl 
equilibrium had been reached in this solution between the ThC” and ThC the latter was precipitated 


as bismuth phosphate. Two different methods were used for the separation of the ThC” fractions 


The most satisfactory separation consisted of extraction of the thallic fraction by means of hydrochloric 


acid and ether. In this case both the ether fraction and the aqueous fraction were counted in solution. 
In the second method thallous ion was precipitated as TIBr and thallic ion as TKOH),. In this case 
r was used It should be 


the precipitates were counted. In both methods a scintillation counte 
specially pointed out that in either method any ThC which might have remained in solution would 


end up in one of the two thallium fractions and be recognized in the decay curve. Both methods 


were tested by means of *°'T] (in which case, of course, the counting was done by means of a beta- 


counter) 
From the results in Table I it is seen that we cannot exclude the possibility that the distribution 


of ThC” over the monovalent and trivalent thallium fractions depends somewhat on the concentration 
ratio. A slight influence of the concentration ratio comparable to that observed—can be explained 


by exchange during the time required for growth of the ThC” as was recognized in the experiments 
with ***T]. Any influence of the concentration ratio of the thallous and thallic ions on the primary 


distribution of the radioactivity would involve at most only a very small fraction of the Th 


icknowledgements—This investigation was performed as part of the program of the Foundation for 
Fundamental Research of Matter (F.O.M.) with financial support of the Organization for Pure 
Research (Z.W.O.). We also wish to thank Mr. C. G. M. Duxkuuts, Mr. A. S. Koster, Mr. W. B 
VAN DER Linpe and Mr. J. KRAGTEN, who carried out some preliminary experiments. 
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*) O. Hann, Applied Radiochemistry. Cornell University Press, Ithaca, N.Y. (1936); see also: J. W. BARNes, 
W. H. BurGus and J. A. Misket in A. C. Want and N. A. Bonner, Rad tivity Applied to Chemistry 
p. 274. John Wiley, New York (1951) 


4 
50 
— 


134 Notes 


Formation of chloroacetate and bromoacetate ions by recoil processes in solids 
(Received 25 January 1960) 


Many authors have reported the formation of organic radioactive halogen compounds by means of 
an (71,7) process on irradiating with neutrons a mixture of an organic liquid and a halogen. We have 
tried to observe a similar substitution using an (”,x) process, which had the advantage that the target 
nucleus of the (m,x) process could be incorporated as a cation in the organic solid in the cases of 
potassium and rubidium acetate. The yield of radiohalogen acetate obtained in this way amounted, 
however, to a very small fraction of the total halogen produced. This fact led us to carry Out some 
experiments specially designed to explain this observation. 


Experimental 


The irradiations were performed in the Philips’ synchrocyclotron in Amsterdam. 

In the first group of experiments potassium acetate and rubidium acetate were irradiated with 
fast neutrons (for 20 min). After the irradiation carriers of alkali halides. viz chloride and bromide 
respectively, and halogenacetate were added to the sample and the mixture dissolved in water. The 
solution was highly acidified with nitric acid (6 per cent) and silver halide was precipitated by addition 
of silver nitrate. If the solution is adequately acidified, silver monohalogenacetate will not precipitate 
In most experiments alkali halide was added again to the filtrate, and the precipitation of silver halide 
repeated. After the repeated filtration, alkali hydroxide was added to the filtrate, and by 30 min 
slight boiling halogenacetate was completely hydrolysed forming alkali halide and glycolic acid 


salt On addition of nitric acid and silver nitrate, organic halogen precipitated as silver chloride 
or silver bromide 

In the second group of experiments sodium monochloroacetate was irradiated for 40 min with 
neutrons which had been moderated in paraffin. Sodium chloride carrier was added to the samples 
and the mixture dissolved in water. The quantities of irradiated salt dealt with were approximately 
equivalent to the carrier quantities Precipitations were performed as described above. 

In the third group sodium monobromoacetate was irradiated with slow neutrons for $0 min and 
mixed with bromide. In one experiment the mixture was dissolved in water containing CH,Br, and 
extracted with toluene. In the second experiment CH,Br, was not present during the solution 
process, but it was added to the toluene used for the extraction. The difference between the two 
experiments was not significant 

In the fourth group we irradiated bromoacetic acid (with thermal neutrons) and dissolved it in 
toluene containing CH,Br,. This liquid was extracted with water containing NaBr. (In some other 
experiments the inorganic yield of 4-4 hr **Br was determined in samples which were dissolved in an 
aqueous bromide solution, which gave the same percentage yield as that listed in Table 1.) 

In the experiments of the third and the fourth group the dibromomethane was hydrolysed by 
boiling the toluene extract with metallic sodium for 4 hr. After this alcohol was added followed by 
water and a small excess of nitric acid and silver bromide precipitated in the aqueous fraction 

Samples were counted with a /-counter in aluminium dishes. Corrections for self-absorption 
were not required because identical quantities of silver halides were counted 

In each experiment one part of the irradiated salt was taken for a sample to be counted simultan- 
eously. Decay curves were drawn for all samples and the activities of different samples in one group 
of experiments were compared. (In the case of rubidium acetate it is not possible to recognize the 
bromine activities in the preparations which are counted without a chemical separation. The bromo- 
acetic acid is too hygroscopic to be counted for a long period, for this reason the total activity of 
“Br could not be measured in this compound.) 


Results and Discussion 


In the columns of Table | the values of the fraction of the radiohalogen in the halogenacetate, 
the halide and the dibromomethane are given. The very low retention values for potassium acetate 
and rubidium acetate compared to the values obtained for sodium monochloroacetate and sodium 


G. Dawn and J. Haimsoun, Analyt. Chem. 20, 470 (1948) 
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monobromoacetate are in agreement with Lispy’s billiard-ball theory;'?:*’ because in the pure 
acetates the radiohalogen atom has only a very small chance to be stopped next to a ¢ H,-group 
with which it can react, as most radiohalogen atoms will be stopped by the heavy cation. In the 


sodium halogen acetates the cation and the halogen compete to stop the radioactive atom, thus 


providing a reasonable chance for the formation of a radiohalogen substituted acetate Finally in the 


bromoacetic acid there is no heavy cation to compete with the bromine in stopping the radioactive 


bromine and this gives us the highest yield of the substitution-retention 


TABLE | DISTRIBUTION OF RADIOHALOGEN IN NEUTRON-IRRADIATED ACETATES AND HALOGENACETATES 


Sen Fraction in Fraction in Fraction in 
ompound 
Nuclear reaction P halogenacetate halide dibromomethane 
irradiated we 
) 


"K CH,COOK 1-7 0-1 93 


Rbi(n,x)Br CH,COORDb [~0-7] [99] 

(ny CH,CICOONa 15 86 3 

*Br (4-4 br) CH.BrCOONa 26 66 3 4 
“Br 19 2 69 3 
*Br (4-4 hr) CH,BrCOOH 29 + 1 16-1 
“Br [49 1] [26 1] [24 0} 


The total activity of bromine in CH,COORb and of “Br in CH,BrCOOH being unknown. ir these 
acuions Measured 


cases percentages are given of the sum of the activities of the different f 


The sum of the values listed for bromide and bromoacetate in the case of monobromoacetic acid 


is about 80 per cent. The remaining 20 per cent are to be explained by the formation of CH.Br, (and 


possibly similar bromine substituted compounds which our analytical technique would not separate 
from CH,Br,), as was observed originally by GLUcKAUF and Fay In the case of sodium bromo- 


acetate and the sodium chloroacetate the production of the corresponding methane derivates accounted 


for a much smaller fraction of the activity and in the case of the chlorine compound this production 
may even have been entirely absent 
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A new preparation of titanium(1\) fluoride 


(Received 2 February 1960) 


TrraNtuM(IV) fluoride has previously been prepared by the reaction of titanium(IV) chloride or 
titanium metal with hydrogen fluoride,’ and by the action of fluorine on titanium metal or its 


'' Gmelins Handbuch der Anorganischen Chemie System No. 41, p. 287. Verlag Chemie, Berlin (1951) 
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We have found that titanium metal reacts readily with chlorine trifluoride to form titanium 


Complete conversion of titanium to the fluoride can be effected by a continuous flow of chlorine 


trifluoride « ted with helium over the metal heated to 350 C, or by introduction of the gas at room 
temperature, followed by gradual heating to 350 ¢ The latter modification has the advantage of 
allo : better control of the reaction rate, produces less etching of the glass reactor, and gives 


\ j f about 55 per cent, compared to about 45 per cent for the direct 350°C reaction 


Experimental 


Chiorine trifluoride was passed directly from the tank to a 25 mm glass reactor tube s ipported 


C ed fluoride was collected in a condensing tube connected to t reactor through a 

d d cooled with solid carbon dioxide. Flushing with helium for several hours at room 

temper re was necessary to insure removal of condensed < rine trifluoride (b.p. 11-3°C). All 
subseque fers were made in the dry-box at dew points of about 35 ¢ 

The reactk product gave a negative test for chloride and was sublimed under vacuum before 

i ysis Or use. A ail amount of red material usually sublimed at about 20° below the sublimation 

p t the titanium(IV) fluoride but d sappeared when the sublimation surface warmed to room 


ysed alter slow hydrolysis in moist air. Titanium was determined by ignition 


soride was determined by oscillometric titration 
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The [Mo(CN),]' structure 


(Received 5 February 1960) 


THE mats purpose of the present paper is to present some of the simple consequences of the generally 


accepted theory of the electronic structures of the [Moi¢ Ny * pon and of related ions I shall, 


| comments on the stability of the 


however, take this opportunity of making some more genera 


[Mo(CN),]*~ structure. In order to facilitate our subsequent discussion we regard the [Mo(CN),}* 


structure as a distorted cubic structure. The vertices of a cube may be divided into two interlocking 


tetrahedral sets; to obtain the [Mo(CN),}*~ structure from a cubic MX, arrangement one set is 


g a fourfold axis and the other set elongated along the same axis''’ (Fig. 1) 


flattened alon 


Calculations based on an electrostatic point-charge model show that in a complex of this type the 


d,, Orbital is substantially more stable than any other, and this is indeed quite clear qualitatively 


from Fig. 1. It has been argued that the diamagnetism of d complexes with this structure is due to the 


J. L. Hoarp and H. H. Norpsiecx, J. Amer. Chem. Soc. 61, 2853 (1939) 
J. H. E. Grirertus, J. Owen and I. M. Warp, Proc. Roy. Soc. A 219, $26 (1953) 
J. S. Grirritu and L. f Orcet, Quart. Rer. 11, 381 (1957) 
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pairing of electrons in the d,.. orbital and further that the stability of plexes of this typx nited 
to d' and d lions precisely on account of the extra stability of the d l ta These conclusions, while 
essentially correct, require a good deal of amplification 

Consider an ton with one dclectron in the middle of a cube of ligand 1 suppose that the electron 
is confined to the d orbital. Electrostatic arguments show that the effect of the cd 
electron charge density must be to clongate both tetrahedra."*’ At fu wht it might see that thes 


discrepancy with the [Mo(CN),)}*~ structure could be resolved by tak ccount of -bonding, whic 
iS IMportant in complex cvanides. Now 2-bonding would certa . 1 to flatten the edra 
we it becomes stronger as the planar configuration ts approached H r double-b ling. like 
electrostatic interaction, affects both tetrahedra equally. There sec t simple argument based 
on the displacement of ligands, one at a time, that leads to the corr cture 
One is forced therefore to the conclusion that it is the interac ne ce gands c is 
respor sible tor the « pposite distortions of the two tetral edra Suct crac iV be rec 
through the valency shell of the metal ion,'*’ but it ts not necessary c at this is the \ 
important effect. Thus, if there is appreciable overlap between the f the two tetrahedra then 
this will be increased by parallel distortions and decreased by opp: distortions. Since the 
cubical configuration different ligands of tetrahedra are separated by ince a where 3a is the 
metal-ligand distance, while ligands of one tetrahedron are separated by 2a. it is clear that the 
observed structure could come about by distortion of a cube if the ter-ligand repulsive forces 
increased sufficiently rapidly between internuclear separations of a and 2 For example a “billiard 
ball” model with the ligand diameter between @ and \ 2a would certainty distort 
The argument so far presented gives no expl ination of the restrict this type of structure to 
complexes vith one or two delectrons. It is well-known that the cube stabie relative to the square 
antiprism on purely electrostatic grounds, and the square antiprism str s indeed found for some 
eight-co-ordinated complexes of filled shell ions.'*' However, liga d arguments which take 


account of the importance of 7 bonding do explain why d' and d* ior 
[Mo(CN),}*~ structure rather than with the antiprism structure, for it is 
is an electrostatically stable d orbital capable of forming particularly 
emphasized that the choice between different eight-co-ordinated st: 
energy balance and the above argument is merely a rationalizatior C 
structure might well occur for a d° ion if for stereochemical reasons 
packing) the antiprism becomes unstable 

Whatever the reason for the occurrence of the [Mo(CN),]*~ structure 
still holds. The eight ligands may be divided into two sets of four, one 
an elongated tetrahedron. The former set are in a region of fairly high a 


"J. D. Dunrrz and L. E. Orcet, Advances in Inorganic Chemist Rad 
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form strong double-bonds involving the occupied d,,, orbital. They are, in fact, in the type of electronic 
environment characteristically found in metal cyanide complexes. On the other hand the latter set are 
in a region of low d electron density and can form only weak 7-bonds; that is, their environment is 
more like that in a complex of an A subgroup d® ion 

It follows from this that we should expect four of the cyanide groups to be rather easily replaced 
by non-7z-bonding or weakly 7-bonding ligands and the other four to be replaceable only by strongly 
7-bonding groups. We predict therefore that the [Mo(CN),}*~ arrangement should also be found in 
compounds MX, ¥, where M is a metal ion with one or two d electrons, X is a 7-bonding ligand such 
as CN~, CO, PR;, AsR;, and Y may be a non-7-bonding ligand such as a halide ion, hydroxide ion 
or saturated amine 

The experimental evidence, while still fragmentary, supports this view The known octa- 
cyanides'*.”’ are [Mo(CN),]*-, [Mo(CN),}°~, [W(CN),}*-, [WICN), [Re(CN),. and [Re(CN),}*~, 
all with I or 2 d electrons. The best known substituted compounds are [Mo(CN),(OH),]*- ‘*' and 
[W(CN),(OH),}* “ and there is no evidence for substitution of more than 4 cyanide groups by other 
anions. Finally, the compound [Re(diarsine),Cl,]* ClO,” has been prepared and is believed to have a 
structure related to that of the [Mo(CN),}*~ ion.” Thus in each case there are at least four ““double- 
bonding” ligands in the eight-co-ordinated complexes of d' and d? ions. 


L. E. OrGcet 
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See Gmelins Handbuch der Chemie Vol. 17B, System No. 53 (1935) 

K. N. MIKHALEVICH and V. N. LitvincnuKk, Russian J. Inore. Chem. 8, 1775 (1959) 

J. E. FerGusson and R. S. NyHoim, Chem. & Ind. 1555 (1958) 


The processing of iron cyclotron targets in connexion with the Mossbauer effect in *'Fe 


(Received 12 February 1960) 


It has been shown that the excitation function for the formation of °"Co by deuteron bombardment 
of natural iron reaches a rather sharp maximum at a deuteron energy of about 9-5 MeV." In order 
to facilitate experiments on the Méssbauer effect'*) in the **Fe 14 keV transition, bombardments 
were carried out in the Nuffield cyclotron of 1mm thick targets of spectroscopically pure iron, 
hard-soldered to water-cooled copper blocks. After activation the surface layer of the iron was 
removed using a modified “Atlas” 7 in. shaping machine fitted with a specially designed Perspex 
hopper to collect all the shavings. Experiments were begun using one of these shavings, somewhat 
reduced in thickness by hammering and rolling 


The remaining shavings (750 mg in a typical run) were dissolved in hydrochloric acid plus a little 
nitric acid to ensure complete oxidation. The bulk of the iron was removed by solvent extraction 
with isopropyl ether, and the remaining aqueous solution further treated by ion exchange, using 
Amberlite IRA 400 and eluting with 6 N hydrochloric acid. The final product solution was sub- 
stantially free from °*Mn formed by the (d,x) reaction in “Fe, and contained only about 3 “vg of the 
original iron. The overall recovery of °*Co was over 90 per cent 

To the **Co solution was added a solution of 10 mg of iron, enriched to more than 99 per cent 
in **Fe,"*’ dissolved in nitric acid. The combined solution was evaporated to near dryness, and 
chloride ion was removed by repeated evaporation with nitric acid. The final nitrate solution was 
made ammoniacal and the solution and ferric hydroxide precipitate evaporated, together, to dryness. 

A silica tube was prepared by drawing down one end to a conical shape and sealing it off. A 
short side-tube was sealed on near this end and drawn down to a fine tip. The active precipitate was 
transferred to the closed end of the silica tube, and reduced to metallic iron in a current of hydrogen 
at 600°. The finely divided iron was compacted into the end of the tube and quickly melted in an 

W. E. BurcHamM and C. A. MILLER, Private communication. 
R. J. MOsspauer, Z. Physik 151, 124 (1958) 
The enriched iron isotope was supplied by A.E.R.E. Harwell. 
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argon atmosphere, using an oxy-coal-gas flame. In this way at least 95 per cent of the “Fe carrier 
was recovered as an almost spherical bead. Spectroscopic analysis of a typical inactive bead was 
kindly carried out for us at A.E.R.E. and showed the presence of 0-3 per cent of silicon. After 
hammering and annealing the active bead was rolled between nickel sheets to a thickness of about 
0-002 in 

Experiments with sources prepared as described, in which the absorption of the 14 keV radiation, 
in iron absorbers, is measured as a function of the relative motion of the source towards or away 
from the absorber, show an effect similar to that noted by PouNp and Resxa''*’. However, the 
proportion of the radiation emitted without recoil (i.e. in the narrow Méssbauer line) by our source 
was greater by a factor of about two than that implied by PouNp and Reska’s measurements. The 
reason for this is probably associated with the more uniform distribution of **Co atoms in the iron 
lattice, and the negligible self-absorption of the narrow line in a source containing so little *'Fe 

We should like to thank the cyclotron crew for making the bombardments and B. Saut and J 
STRONG for technical assistance. 
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R. V. Pounp and G. A. Repsxa, Phys. Rev. Letters 3, 554 (1959): J. P. Scuirrer and W. MARSHALI 
Ibid. 3, 556 (1959) 


Determination of the solubility of argon in liquid ammonia 
by the use of a mass spectrometer 


(Received 12 February 1960) 


IN making calculations on the material balance of an ammonia synthesis unit, the solubility data 
for the system liquid ammonia—ammonia synthesis gas must be known. Precise measurements of 
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the solubility of hydrogen and nitrogen in liquid ammonia were carried out more than twenty years 
0 There are, however, still no data available for the solubility of argon and only a few recent 


measurements, performed in a pilot plant without equilibrium conditions being fulfilled, have been 
recorded for methane It was therefore decided to make measurements to obtain the solubilities in 
liquid ammonia of both these gases in a pressure range up to 100 atmospheres and later of N,-H,-A- 
CH,-mixtures up to 300 atmospheres. A brief description of the method and the data obtained for 
pure argon ire presented below 

The method used is the static method of solubility measurements, the necessary analyses being 
performed with a mass spectrometer. From this improvement the difficulties arising from multi- 
component mixtures, especially from mixtures of argon and nitrogen, are eliminated and, besides, 
greater sensitivity and speed of measurement are secured. The equilibrium of the liquid and gas 
phase was established in a high pressure vessel, containing ca. 0-8 |. liquid ammonia and nearly the 
same volume of the gas investigated, i.e argon in this series of experiments. The sample was taken 


from the liquid phase after several hours shaking and then expanded into a gas burette through a 
solution of sulphuric acid (I ig. 1); the change of the titre of the latter served for the determination 
of the quantity of ammonia. The whole of the argon liberated from the expanded sample was forced 
into the burette by a stream of a “neutral” gas, nitrogen in this case. (Before making a measurement, 
the air was expelled from the whole system by nitrogen.) The volume and temperature of the gas 
mixture in the burette was measured at barometric pressure which was also determined. The mass 
spectrometric analysis was then carried out to determine the argon content 

The purity of the argon and nitrogen used and that of the ammonia, too, was controlled by the 
use of the mass spectrometer. For the future it is planned to carry out the complete analysis of the 
sample (including ammonia) mass spectrometrically, making use of a heated inlet system to the 


spectrometer 


TABLE | 
Total pressure Number of Solubility in 
(atm) measurements Ncm* A/ g NH, 
25 g 3.52 
sO 8-69 
75 5 13-10 
6 18-20 


The results obtained for argon are presented in Table 1. The solubility data are given, for total 
pressure and room temperature, in N cm* A/ g NH To demonstrate the reproducibility of the 


results the data of measurements for 100 atmospheres are presented in Table 2 in detail 


TABLE 2 
Deviation from average 
Total Measured 
yressure (atm) value 
sure Abs 
100 18-00 0-20 1-09 
18-2 0-01 0-05 
18-5] 0-31 1:66 
18-22 0-02 0-10 
18-35 0-15 0-82 
17-91 0-29 1-59 
average 18-20 O-88 


' R. Wiese and T. H. Tremearne, J. Amer. Chem. Soc. 85, 975 (1933) 
V. J. ATROSCSENKO and N. A. Gavrsa. Zh. Prikl. Chim 32, 99 (1957) 
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The reliability of our method was controlled by a series of Neasurements on the solubilitv of 


nitrogen in ammonia. A very good agreement with the results obtained by Wiese and Tremt ARNE 
has been found. 
The ratio of the solubilities of argon and nitrogen in ammonia as calculated from our laboratory 


results agreed rather well with the statistical average obtained from measurements carried out 


previously in the working synthesis unit." 


Gy. Csexod 
I. CORNIDES 


Borsodi Vegyi Kombinat 


Kazincharcika 
Hungar\ 


1. Cornipes, K. Csex6-Csaxy and Gy. Csexé, Magy. Kém. Folvéirat 65. 358 (1959) 


A new metal chloride synthesis 


(Received 23 February 1960) 


WE wish to report that iron(II) chloride, niobium(V) chloride. and molybdenum(1V) chloride can 
be prepared in quantitative yields by refluxing excess hexachlorobutadiene saturated with chlorine 


over the appropriate metal oxide 


The quantities used by us are 2-0 g of metal oxide in 30 cc of hex ichlorobutadiene-1!,3, but we 
see no impediment to larger scale preparations. The amount of hexachlorobutadiene-1.3 is such 


that there is enough for refluxing, for reacting with the metal oxide and for dissolving the metal 
chloride product. The apparatus consists of a 50 ml round-bottom flask fitted with a 300 mm water 


cooled condenser by means of a T 24/40 ground glass joint. A length of 2 mm capillary tubing enters 
the flask through a side tube and almost touches the bottom of the flask. A tube containing “Drier- 


ite” is fitted to the upper end of the condenser. The flask is heated by means of a Glas-col heating 


mantle 
The metal oxide is placed in the flask and the apparatus is purged with nitrogen at room tempera- 


ture. Hexachlorobutadiene-1,3 is added, and chlorine is bubbled through the solution at such a rate 
that the liquid in the flask does not back up in the capillary tubing between bubbles by more than 


3mm. Refluxing is started and is continued until all of the metal oxide disappears, i.c. 18-24 hr. The 


apparatus is allowed to cool with chloride gas flowing. At room temperature the apparatus is purged 


with nitrogen to expel chlorine and phosgene. After replacing the side tube and the condenser with 


stoppers the flask is removed to an efficient dry box for opening. The metal chloride is filtered and 


washed with carbon tetrachloride 
Iron({il) chloride. After 24 hr of refluxing the flask contains a clear red solution. | pon cooling 


dichroic red and green platelets form leaving a light yellow solution. The losses in vield are man pula- 


tive in addition to that due to a very slight solubility in cold hexachlorobutadiene-1.3. (Found 

d Fe, 34-52; Cl, 65-51; Cl/Fe, 2-99. Calc. for FeCl,: Fe, 34-43: Cl. 65-57.) 
Niobiun(V) chloride. After 18 hr of refluxing the flask contains a clear orange-red solution 
Upon cooling lemon yellow crystals form leaving a light yellow solution. (Found: Nb, 34:26: Cl. 


65-49; Ci/Nb, 5-01: Calc. for NbCIl,: Nb. 34-38: Cl. 65-62.) 
Molybdenum(V) chloride. Molybdenum(IV) oxide Starting material was prepared by the re- 
duction of molybdenum(VI) oxide with ammonia After 24 hr of refluxing the flask contains a 


clear blood red solution. | pon cooling dark crystals form, but the solution remains highly coloured 


It is felt that the molybdenum(1V) chloride has a considerable solubility in both hexachlorobutadiene- 


1,3 and carbon tetrachloride. The wet crystals (wet with CCl,) are brown-red: the dry crystals are 
steel blue. (Found: Mo, 40:23; Cl, 59-95; Cl/Mo, 4-03. Calc. for MoCl,: Mo, 40-35: Cl. 59-65.) 
The method offers a major advantage over the sealed tube method The apparatus required is 


very simple, assembled of stock items available in any chemical laboratory. It suffers from the 
disadvantage of limited application. Attempts to apply the method to the oxides of beryllium, 
aluminium, chromium(II1), zinc, zirconium, molybdenum(VI), lanthanum. tantalum, and tungsten 


(VI) result in partial or no conversion. However the obvious implications of potential metal separa- 


tion procedures is of at least as much interest as the preparations themselves. The present experiments 


' G. BRAUER, Preparative Anorganische Chemie p. 1054. Fedinand Enke Verlag, Stuttgart (1954) 
*) KK. KNox et al., J. Amer. Chem. Soc. 79, 3358 (1957) 
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cover a limited set of conditions only. Further studies are under way on the effect of the same and 
similar chlorocarbons upon various metal oxides. 


The method is unique for pure molybdenum(IV) chloride. Previously reported preparations of 
q 


molybdenum(IV) chloride were all sealed tube reactions, and there was always partial dispropor- 
tionation of molybdenum(1V) chloride into molybdenum(II1) chloride and molybdenum(V) 
chloride."*:* The product of this method dissolves completely in water to give a clear, amber 
solution, indicating the absence of molybdenum(III) chloride inasmuch as the latter is a dark red 
crystalline powder, insoluble in water. It is surprising to us that what must be molybdenum(IV) 
chloride dissolved in hexachlorobutadiene-1,3 is not further oxidized by the stream of chlorine at the 


reflux temperature of the solvent (215°). 


icknowledgement.—We wish to express our appreciation to the Diamond Alkali Company for a 
gift of a sample of hexachlorobutadiene-1 ,3 
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Inorganic salts dissolved in non-aqueous and in mixed solvents—VI 


Studies of two layer formation in the system: SnCl,-5H,O-methanol-carbon tetrachloride 
(Received 14 January 1960; in revised form 29 February 1960) 


OPTICALLY transparent SnCl,-5H,O-—methanol-carbon tetrachloride solutions become opaque, and 
then separate into two layers on the addition of carbon tetrachloride.";*! The amount of carbon 
tetrachloride required to make a particular solution opaque depends on the initial salt and methanol 
concentrations for a fixed temperature 

Here are reported detailed studies at 15 C of the composition of SnCl,-5H,O-methanol-carbon 
tetrachloride solutions at the “Opaque Point” (where one drop more of carbon tetrachloride will 
yield an opaque solution) and at the stage where there are two clear layers due to the addition of more 
carbon tetrachloride. Conductance measurements at 25 C are reported for each solution obtained 
at 15 C by the method outlined. The addition of sufficient methanol will make a clear, single phase 


system of any “Opaque” or two phase system 


Results and Discussion 


In Table | are given compositions for selected samples of solutions at the “Opaque Point” and 
of the two layers obtained on addition of a further 50 ml of carbon tetrachloride. Data for more 
than eighty samples of different concentrations have been recorded. In addition, a large number of 
these were checked with duplicate samples. Physical measurements were reproducible to within | 
per cent. Tin and chloride analysis (Lessens’ Method as modified by BAKer'* and FAJAN’s adsorption 
indicator method’ respectively) were done in duplicate for each solution. For carbon tetrachloride- 
rich solutions the analysis values were reproducible to better than 2 per cent; and for the predomin- 
antly methanol solutions reproducibility was better than 0°5 per cent 

In computing the SnO, concentrations, we have assumed that all the chloride is present as stannic 
chloride and the “extra tin” is present as SnO,. The presence of oxychlorides will fit into this scheme 

With basic chlorides present the water concentrations in the methanol-rich solutions given in 

M. M. pe Marine and P. A. D. pe Marine, J. Jnore. Nucl. Chem. 11, 13 (1959) 


** P. A. D. pe Maine, M. M. pe Maine and G. E. McAtonie, J. /norg. Nucl. Chem. 14, In press (1960) 
*) N. H. FuRMAN, Scott's Standard method of Chemical Analysis (Sth Ed.). D. van Nostrand, New York 
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Table | would be about 5 per cent too high. As the solutions have infinite pH values, no hydronium 
Thus it is unlikely that basic chlorides are present. The methanol and carbon 


ions are present 
ide concentrations were calculated from density values and salt concentrations. In separate 


tetrachlor 
experiments we have found that there is no measurable increase or decrease over the additive volumes 


for any solution studied 


the water:tin concentration ratio cannot be greater in the carbon 


We have also issumed that 


tetrachloride-rich laver than the ratio in the methanol-rich layer 
and molar conductances for the “Opaque Point” solutions and the 


In Table 2 are given speci ie 


methanol-rich layers given in Table 1. Resistances for all predominantly carbon tetrachloride layers 


ne million ohms (cell constant 0-1106) and thus could not be measured accurately with 


exceeded 
nbridge Radio Co. Impedance Bridge 


TARLE 2.—MOLAR AND SPECIFIC CONDUCTANCES FOR SOLUTIONS AT THE “OPAQUE POINT” AND FOR 


THE METHANOL-RICH LAYER OF THE CORRESPONDING TWO PHASE SYSTEM 


The Sample Numbers in this table refer to the corresponding systems 


for which data are given in Table | 


Specific conductance 10,000 Molar conductance 


Opaque Point” Methanol-rich “Opaque Point” Methanol-rich* 


solution laver solution laver 


ductance/Sn conc 


Data show that the concentration ratio, Cl/Sn, is independent of the solvent composition for each 


kind of solution. Average values for solutions at the “Opaque Point” and the methanol-rich and 
carbon tetrachloride-rich layers, with square root-mean-square deviations in parentheses, are 3-86 
(0-03): 3-83(0-06): and 3-45(0°17) respectively This suggests that the small amounts of oxychlorides 


or double salts in the one phase system, are preferentially extracted into the carbon tetrachloride 


view is partially supported by the enrichment of the carbon tetrachloride layer with 


layer This 


SnO, (Table 1) 
Tin chloride, and methanol concentrations in the methanol-rich phase are significantly increased 


from those in the single phase system at the “Opaque Point’. Thus two layer formation leads to 
extraction of carbon tetrachloride by the carbon tetrachloride-rich layer (Table 1). This extraction 
of carbon tetrachloride is also reflected in the significant increase in molar conductance (Table 2). 


Sample 
? 4-01 4-45 §3-7 
3-82 4-20 56° 
4 3-52 3-94 §3-7 §3-5 
5 3-19 3-65 $7-8 
6 2-9] 3-39 51-4 Vol. 
7 2-58 3-11 49-6 55-4 14 
7.98 7.29 48 5? 0 
2-01 2-62 47-1 
10 1-2? 1-86 39-0 46°1 
1] 0-91 1-70 32:7 
12 0-70 1-57 31-0 43-7 
13 0-59 1-69 783 43-7 
14 1-72 43-8 
15 1-70 39-9 
16 1-95 42-6 
17 
* Molar conductance 1000 specific con ii! . | 
=. 
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The amount of carbon tetrachloride extracted is increased by adding more carbon tetrachloride to 
the two-phase systems. The concentrations of methanol, tin, and chloride in the carbon tetrachloride- 
rich layer, obtained by adding 50 ml of carbon tetrachloride to a solution at the “Opaque Point” 


increases as the initial salt concentration is lowered. This means that the extraction coefficient 


{components in CCI, layer/components in methanol layer) actually increases as the total salt 


concentration is decreased. Simultaneously the concentration of carbon tetrachloride in the methanol- 


rich layer is increased 
4 plot of the specific conductance versus the salt concentration at the “€ Jpaque Point” is defined 
by the linear relation, specific conductance 0-120 0-65 10-* salt conc. A plot of the corre- 


sponding methanol concentration versus the salt concentration gives a Monotonic increasing curve 
(Fig. 1). 
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Fic. 1.—Plots of the methanol concentration (—O—), and specific conductance (—X—) vs 
salt concentration in solutions at a 15°C “Opaque Point”. Resistances were measured at 25°C 


For the methanol-rich layers formed by adding 50 ml of carbon tetrachloride to “Opaque Point” 
solutions containing 50 ml of salt-methanol solution, there exists a linear relation between the tin 


concentration and the specific conductance thus 
Specific conductance 0-069 0-61 10-* tin conc. Plots with the corresponding methanol 


concentration again define a monotonic increasing function 
These data do suggest that specific interactions between tin(IV) species and the methanol mole- 


cules actually prevent miscibility with carbon tetrachloride 


icknowledgements— Financial support from the Research ( Orporation is gratefully acknowledged 
Thanks are also due to Mr. Georce E. MCALOoNte for assistance with calculations 
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The preparation of mononitratodioxovanadium(\), VO,.NO, 


(Received 22 January 1960; in revised form 1 March 1960) 


THE recent series of papers by Apptson and his school'"’ concerning anhydrous liquid dinitrogen 


tetroxide as a preparative solvent for metal nitrates prompted an attempt to prepare a nitrate of 


" C. C. Appison et al., J. Chem. Soc. $211, $218 (1949); 1289, 1294, 1298, 1303, 2829, 2833. 2838. 2843 
(1951); 1390, 1399, 4079 (1952); 1319, 1869, 1874, 2631 (1953); 1138. 1143 (1954): 1941, 2705, 2709, 3900 


a (1956); 3099 (1958) 
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vanadium. Vanadium nitrates are unknown in the solid state, but they are believed to exist in 
decinormal!l solutions of vanadium in strong nitric acid."*! The exact species in which vanadium occurs 
in these solutions is not definitely known, but it is hypothesized that it is present as either VO(NO,), 
or VO,NO,, both of which are possible in strongly acidic solutions 

\ solid, brick-red, free-flowing oxynitrate of vanadium which corresponds to the formula VO,NO, 
has been prepared by the reaction of chips of electrolytic vanadium with excess liquid dinitrogen 
tetroxide at O C using an acetonitrile catalyst according to the equation: 


CH,CN 
V + 2N,0, ————> VO.NO, * 3 NO * (1) 
ot 


The choice of acetonitrile as the catalyst was one of convenience, and it is one of the electron 
donor catalysts described by Appison."' 

The properties of dinitrogen tetroxide have been completely described elsewhere.''**."’ Dinitrogen 
tetroxide supplied by the Matheson Company was used for all preparations. The cylinder was fitted 
with stainless steel couplings and connected to the all-glass apparatus described below. Eastman- 
Kodak “White Label” acetonitrile was used as the catalyst. Electrolytic vanadium chips prepared by 
the Union Carbide Metals Company were used as the vanadium source 


The all-glass apparatus consisted of a 250 ml Pyrex three-necked flask fitted with 24/40 $ female 
~ PP 


joints. The centre connexion was fitted with a cold-finger condenser which led to a vacuum pump via 
an intermediate liquid nitrogen trap. One of the side connexions served as the inlet for the dinitrogen 
tetroxide and argon, both of which were first passed through a calcium chloride tube to ensure 
anhydrous conditions. The remaining connexion was fitted with a separatory funnel through which 
the acetonitrile catalyst was added 

A typical preparation involved the following steps: 5 g of peasized electrolytic vanadium chips 
were placed in the flask and the entire system was purged with dry argon for about 40 min. The flask 
and cold finger were cooled with ice so that the temperature was maintained at 0 to 5'C during the 
course of the preparation. Dinitrogen tetroxide (liquid range —9-3 to ~ 21-8 C.) was then introduced 
into the flask and allowed to liquefy until 75-100 ml of the brownish liquid were present in the flask 
Then about 5-8 ml of acetonitrile were added, and a brick-red precipitate formed. The reaction 
mixture was allowed to stand for 5—6 hr, after which the excess solvent and catalyst were removed 
under vacuum. The resulting brick-red powder was found to be unstable in moist air and was, 
therefore, handled in a dry box. The yield was 91 per cent based on vanadium according to equation 
(1). Chemical analysis gave the following results: Found: V, by the ferrous sulphate method,'* 
35-6, NO: by the nitron method,'”’ 41-9 Calc. for VO,NO,: V, 35:2°%; NOs,, 42°8° 

The product was found to be very soluble in water, producing an orange-coloured solution which, 
when the concentration was at least 730 mg/100 ml water, formed a deep brown gel within 24 hr of the 


solution preparation. Less concentrated solutions were stable indefinitely. xposure of the salt to 
moist air caused a slow change to a brown gel similar to that described above. The freshly prepared 
solution gave a positive qualitative test for nitrate with brucine Attempts to recover the original 
brick-red powder from aqueous solution proved futile. Rapid evaporation by heating, as well as slow 
crystallization, produced vanadium pentoxide with loss of nitrate. The brick-red powder was found 
to be insoluble in the more common organic solvents. Heating the brick-red powder at 350°C either 
in vacuo, OF in an argon stream for 6 hr caused decomposition which proceeded via the equation: 


2VO.NO, + N,O; 7 (2) 


The tan powder remaining was found to be vanadium pentoxide by analysis. A solution formed by 
collecting the evolved gas in distilled water gave a positive qualitative test for nitrate with brucine, 
indicating that dinitrogen pentoxide or its decomposition products, nitrogen dioxide and oxy gen, was 
the gas and/or gases evolved. 


*' G. JANDeR and K. F. Jaur, Z. Anorg. Chem. 212, 1 (1933) 
*) P. Gray and P. RatHsone, J. Chem. Soc. 3550 (1958) 
*) P. Gray and A. D. Yorre, Chem. Rev. 55, 1069 (1955) 
I. C. Hisatsune and R. V. Fitzsimmons, Spectrochim. Acta 206 (1959) 
* H. H. Wittarp and H. Dient, Advanced Quantitative Analysis p. 247. D. Van Nostrand, New York 
(1943) 
F. J. We_cner, Organic Analytical Reagents Vol. 11, p. 138. D. van Nostrand, New York (1947). 
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Qualitative infra-red studies indicate that both nitrate ions and vanadium oxygen linkages are 
present in the brick-red powder. MILLeR and Witkins'* found that ten inorganic nitrates showed 
common absorptions in the ranges 7:25-7:41 and 11-90-12-25 when examined in potassium 
bromide disks. Under the same conditions the monitratodioxovanadium (V) exhibited a very strong 
absorption at 7-25 # and a very weak absorption at 12-19 ”, ind cating the presence of ionic nitrate 
Under identical conditions vanady! sulphate, (VOSO,); vanadium pentoxide; bis-(acetylacetonate)- 
monoxovanadium (IV), (VO(acac),); and monoitratodioxovanadium (V) showed common 
absorptions in the 9-8-10-0 « range, which is apparently characteristic of the vanadium oxygen 
linkage. This has recently been verified."”’ The brick-red powder had a specific gravity of 2-055 at 
25 C as determined by the pycnometer method. No diffraction pattern could be obtained, indicating 
that the compound was amorphous. Examination of the compound under polarized light revealed 
that it had but one index of refraction (which was greater than 1:78). Therefore, it is isotropic, 
further evidence of its amorphous character 

The molecular weight of the compound was determined in water at 25° by the isopiestic method 
using copper (11) nitrate as a standard and was found to be 150 cx mmpared to 144-96 calculated for the 
formula VO,NO, Only cursory magnetic Measurements were made. The compound was found to be 
slightly diamagnetic at room temperature (25 C) and with a molar susceptibility of 116 1o-* 
C.g.S.u. at liquid nitrogen temperatures (195 C). The latter figure corresponds to a magnetic 
moment of 0-08 Bohr magnetons (B.M.) versus the expected zero B.M. for a compound with no 
unpaired electrons 
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LETTERS TO THE EDITOR 


Occurrence and separation of higher polythionic acids in 
Wackenroder liquid 


(Received 23 February 1960) 


We have carried out an investigation of products of the Wackenroder reaction by paper chromato- 
graphy (Whatman Paper No. 1, solvent mixture n-butanol, acetic acid, acetoacetic ester, water, 
10:2:1:7 by volume"’). We find: 

(1) A small amount of Wackenroder liquid obtained by the reaction of hydrogen sulphide and 
sulphur dioxide in water yielded nine spots on the paper strips after spraying with silver nitrate 
solution following the chromatographic separation. By means of; (a) determinations of the R, of 
the polythionic acids on samples prepared by established methods;'*-**-*’ (b) determination of x 
in the formula H,S,O,, by dissolving the acid from the paper strips in ether and titrating the $,O, 
formed by the decomposition of the acid with CN~ and SO,~~;"°-"' and (c) U.V absorption spectra 
of the H,S,O, dissolved from the paper strips by water; it was found that the products formed in the 
Wackenroder reaction and separated by paper chromatography are H,S,O, (R ~0-15, diffuse), 
H.S,O, (R, = 0-20), H,S,O, (R, = 0:25), H,S-O, (R, = 0-30), H.S.O, (R, = 0-37), H,S,O, (R, 
0-45), H,S,,O, (R, = 0-52), H,S,O, (x 10, R ~(0)-65, diffuse), (R 0-90) 

(2) The polythionic acids formed by the Wackenroder reaction in 50 per cent aqueous CH,COOH 
are the acids H,S,O,, x 3-12, in HCl, 2-10 M, the range x 8-11 is found. The R, values are 
recorded above and the acids have been identified by the methods (a), (b), and (c) above. 

(3) The first products of the Wackenroder reaction are H,S,O, and H,S,0, 

(4) The higher polythionic acids (above hexathionic) undergo decomposition on adding potassium 
acetate to Wackenroder liquid; as is observed in the POLLARD solvent.'”’ This is in accordance with 
the sensitivity of the polythionic acids to hydroxy! ions 

The results of these experiments clearly demonstrate the occurrence of higher polythionic acids 
in the Wackenroder liquid, the influence of acidity on the reaction, and the possibility of preparation 
for the first time of pure H,S,O, with x 9 and 11. 

The only reaction mechanism which agrees with these results as well as with unpublished radio- 
chemical investigation is the one proposed by vAN DER Hewpe,'*’ with the assumption that the chain- 
length in the intermediate is increasing with the acidity. 

Institute of General Chemistry R. BARBIERI 
University of Padua M. BRUNO 


' E. Scorrone and E. Carini, Ric. Sci. 7, 2109 (1955) 

*) H. STaMM, M. GOEHRING and U. FeLDMANN, Z. Anorg. Chem. 250, 226 (1942) 

*) M. GoewRING and U. FeLDMANN, Z. Anorg. Chem. 257, 223 (1948) 

* E. Werrz and F. ACHTERBERG, Ber. 61, 399 (1928) 

M. Scuaipt, Z. Anorg. Chem. 289, 158 (1957) 

A. KURTENACKER and E. Go_ppacn, Z. Anorg. Chem. 166, 177 (1927) 

F. H. Potiarp, J. F. W. McOmie and D. J. Jones, J. Chem. Soc. 4337 (1955). 

4. KURTENACKER, A. MUTSCHIN and F. Stastny, Z. Anorg. Chem. 229, 19 (1936) 

*’ H. B. VAN DER Heupe, Contribution to the Chemistry of the Inorganic Acids of Sulphur. University of 
Amsterdam, Holland (1955); and reported bibliography 


Effect of graphite on molten samarium fluoride at elevated temperatures'!’ 
(Received 16 March 1960) 


Tue densities of the Group IIA and IIIA fluorides in the molten state were determined by heating 
these fluorides in a graphite crucible to temperatures above their melting points (1600-2500 K) and 
) This work was financed by the National Science Foundation, Research Grant NSF-G6278. 
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measuring the loss in weight of an immersed tungsten or molybdenum sinker.'**.’ Of the fluorides 
studied (barium, strontium, calcium, magnesium, yttrium, lanthanum, cerium, praeseodymium, 
neodymium and samarium fluorides) it was found that only the neodymium and samarium fluorides 
reacted with the graphite. When molten neodymium fluoride, NdF ,, was heated for 2 hr in a graphite 
crucible at a temperature ranging from 1700° to 2200°K, about 1-5 per cent of the fluoride was 
converted into the carbide. None of the other fluorides formed more than 0-1 per cent even when 
heated to 2500°K. 

When samarium trifluoride, a white solid melting at about 1670°K was heated in a graphite 
crucible, it was reduced to the red-brown difluoride as follows: 


4SmF, + C-+4SmF, + CF, (or higher carbon fluorides). 


None of the other fluorides were reduced by the graphite. The effects of temperature, time and carbon 
surface area on percent reduction of SmF, to SmF, were studied. The conditions used and results 
obtained are tabulated in Table | and show that increases in heating time, temperature and carbon 


TABLE 1.—-REDUCTION OF SmF, TO SmF, BY GRAPHITE 


Graphite 
Condition surface area, 
(cm?/g SmF,) 


Wt. Temperature Time Reduction 
SmF;, (g) (K) (hr) (wt. 


Graphite crucible and 1600-1800 l 
tungsten float 0:35 350 1800-2200 14 68 
2200-2300 


Graphite crucible 1700-2000 


4 only 0-40 30 2000-2200 16-5 
Graphite crucible and 1550 l 

2 g graphite powder 100 1550-1700 l 11-4 
1700-2110 2 


Graphite crucible and 1600-2080 


graphite rods 1-2 100 2080-2300 i 24-8 
2300-2380 4 
Graphite crucible and 
graphite chips 39 116 2175-2250 2 30-3 


surface area all tend to increase the percent reduction. The maximum reduction obtained to date is 
30 wt. 

The effects of metals, such as molybdenum and tungsten, on the reduction of the trivalent to the 
divalent samarium fluoride was studied. It was found that when 100 g of SmF, was melted and heated 
at 2000 + 25°K for 1-2 hr in a molybdenum crucible (surface area = 50 cm*) with tungsten wires 
(surface area = 40 cm*) inserted into the melt, less than 0-3 wt of the trifluoride was reduced to 
the difluoride. Therefore tungsten and molybdenum under these conditions have little effect on the 
reduction of SmF, to SmF,. 


A. D. KIRSHENBAUM 


Research Institute of Temple University J. A. CAHILL 
4150 Henry Avenue 
Philadelphia 44, Pennsylvania 


*) A. D. KirsHENBAUM and J. A. CAHILL, Technical Note No. 9, Research Institute of Temple University, 
Contract No. AF 18(600)-1475 (1959) 

*) A. D. KiIRsHENBAUM, First Annual Report on High Temperature Inorganic Chemistry. National Science 
Foundation, Research Grant NSF-G6278, Research Institute of Temple University (1959) 

‘*) A. D. KirsHensauM, J. A. Cant and C. S. Stoxes, J. Inorg. Nucl. Chem. In press (1960). 
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BOOK REVIEWS 


F. S. Martin and G. L. Mites: The Chemicai Processing of Nuclear Fuels. Butterworths, London: 


Academic Press, New York, 1958. x + 242 pp., £2; $7.50 


THE nuclear energy industry is now taking shape as the projected nuclear power programmes of 


Great Britain, U.S.S.R., France and America are being implemented. Hitherto, the atomic energy 
industry has been centred around the production of fissile material, ***Pu and **°U, for military use 
and the techniques of processing irradiated fuel rods described at the 1955 and 1958 Geneva 
conferences are largely based on the aqueous chemical processes necessary for the efficient separation 
of ***Pu from irradiated uranium 

A great deal of published information has resulted from the Geneva Conferences and it is true 
to say that more has been published on the processing of nuclear fuels than is customary for new 
chemical processes Despite this large volume of published information, there is a need for a critical 
compilation of the information and an assessment of the problems of chemical processing associated 
with a nuclear power programme 

MARTIN and MILEs survey the problem with the aim of giving a thorough introduction primarily 
intended for science and engineering graduates 

In Part I of their new volume Chemical Processing of Nuclear Fuels, they describe briefly the 
reasons for fuel processing and relate these to possible fuel cycles, including the one most favoured 
at the moment in the U.K., a combination of thermal reactors of the Calder Hall and Advanced 
Gas Cooied types with Pu-fuelled Fast Reactors 

The discussion on the economics of fuel processing in Part I gives figures which must be treated 
with reserve when considering the costs of processing the irradiated fuel from a large programme 
such as that of the U.K 

Part 2, Aqueous Processes gives a concise and useful survey of the solution chemistry of Th, Pu, t 
Np, Pu and Am, whilst the fission products are briefly described in their periodic groups and reference 
is made to the relevant chemistry of canning and alloying elements 

The section on solvent extraction, which is the major unit process in the present nuclear fuel 
ndustry, gives a brief description of the Nernst Partition Law and its application to multiple batch 
extraction, but the authors fail to give the reader the theory of counter-current continuous extraction 
systems which are used so successfully. If this had been done, and the extraction behaviour of U, 
Pu, Ru and Zr described in relation to such counter-current systems, this part of the book would have 
been of greater value 

Similarly, the section on Technical Solvent Extraction is a very elementary introduction to the 
broad principles of operation of extraction columns and mixer settlers. It does not give any 
indication of the design principles or operational characteristics of solvent extraction equipment or 
of the special problems of processing radioactive liquors 

These two sections of the book compare unfavourably with the treatment accorded to the same 
subjects by BeENepDicT and PiGrorp in their comparable volume Nuclear Chemical Engineering 

In the remainder of the section on aqueous processing the authors give concise and well balanced 
descriptions of the “Butex”’, “Purex”, and “Hexone” solvent extraction processes for unalloyed fuels 

The plutonium purification process using thenoyl trifluoracetone (TTA) as an extractant is 
described in more detail than is warranted for an obsolete process 

Part 2 also contains a useful survey of the application of ion exchange and precipitation processes 
to fuel treatment and one can agree with the general inferences of the authors that they will not play 
a major part in nuclear fuel processing 

Part 3 treats with the non-aqueous techniques for processing irradiated fuel. These may be 
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broadly classified into those processes which remove a substantial fraction of the fission products 
(de-poisoning) and the true separation processes, such as halogenation, liquid metal extraction 
and metal distillation. At one time it was considered that such processes would supplant the aqueous 
processes on economic grounds, especially as they could, in theory, be applied to fuels shortly after 
discharge from the reactor. This would greatly reduce the inventory charges of expensive fissile 
materiai in the fuel cycle Although further study of such processes has shown then to be less 
attractive for thermal and fast reactor fuels, the authors rightly devote 40 pages to their description 
and provide an excellent account of the possible systems 

Part 4 is devoted to the disposal of radioactive effluents and the subject is introduced by a clear 
and concise survey of the radio-isotopes of biological significance and an estimate of the amounts 
of activity arising from a power programme 

A short description of the storage of highly active, fission product aqueous wastes does not give 
the reader an appreciation of the size of the problem nor does it describe the tec hniques in use in the 
U.K. and the U.S.A. in sufficient detail for their simplicity to be demonstrated Again the costs in 
this section must be treated with reserve. The authors conclude that the storage of liquid wastes is 
relatively expensive, presumably when compared with the fixation techniques described in the 
subsequent section. This conclusion is at variance with current assessments. including one by WATSON 
published at the 1958 Geneva Conference 

The sections describing ground and sea disposal of medium active liquors give a well balanced 
picture of the techniques used in the U.K. and U.S.A. and this part of the book could be read with 
advantage by the intelligent layman who wishes to gain an informed view of radio-active waste 
disposal. The treatment of low active wastes is thoroughly described and the section devoted to the 
recovery of radio-isotopes such as '"Cs and °°Sr gives a useful survey of some of the processes 
which may be applied if the extraction of these fission products for industrial application ever becomes 
a commercial possibility 

In part 5 the authors make their own assessment of the future trends of fuel processing but wisely 
draw no firm conclusions: the industry is too young for its future trends to be forecast with any 
certainty, although a logical pattern is developing in this country which may form the basis of future 
nuclear power systems 

The book as a whole will form a useful addition to the library of a young graduate entering the 
nuclear energy industry and its bibliography should help him to search the literature efficiently. 


B. F. WARNER 


Vacancies and Other Point Defects in Metals and Alloys: A Symposium. Institute of Metals, London, 
1958. 238 pp., 40s., $6.00 


A very large number of the properties of solid materials, such as ionic conductivity, diffusion and 
many mechanical and optical properties depend upon the presence of point defects in their crystalline 
Structure. In fact, a study of these and other type defects has become in recent years almost a subject 
in its own right with the various physical properties merely regarded as manifestations of the presence 
of the defects. It was with this point of view in mind that a Symposium on the subject of “Vacancies 
and other point defects in metals and alloys” was held at Harwell in December 1957. The present 
monograph is a collection of the papers presented on that occasion, both invited and contributed 
in discussion 

The part played by point defects in the mechanical properties of metals and alloys at low tempera- 
tures was dealt with in a paper by A. H. Corrrett and at high temperatures in one by D. McLean 
A paper by Broom and Ham discusses the essential characteristic properties of defects and the extent 
to which these influence various properties such as stored energy, electrical and thermal conductivity, 
density, lattice constants and thermoelectric and magnetic properties. Diffusion is dealt with in a 
valuable review by W. M. Lomer. Wittiams and Hayrietp describe the importance of point defects 
in oxidation and corrosion and discuss generally the influence of the surface of a solid on defect 
behaviour Apparently out of place in a Symposium on metals, is a p iper by P. L. PLATT on point 
defects and mechanical properties in ionic crystals, but defects in both materials have many properties 
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in common (and also some important differences) and with ionic crystals advantage can be taken of 
methods of study not available with metals, such as optical and ionic conductivity measurements. 
The papers are generally well written and constitute very useful and detailed surveys of the state 


of their subjects at the time of writing. This appears to have been at least 7-8 months before the 
Symposium was held. More up to date are the numerous contributions to the discussion; many of 
these are preliminary reports of work in progress, some of which are still unpublished. 
The book is a valuable addition to the literature on solid state science, is well produced, and is not 
unreasonably priced. 
A. D. Le Claire 
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THE REACTION OF ATOMIC CARBON WITH OXYGEN: 
SIGNIFICANCE FOR THE NATURAL RADIO-CARBON 
CYCLE* 


M. Panpnow?, C. MACKAyY§ and R. WOLFGANG 
Sterling Chemistry Laboratory, Yale University, New Haven, Connecticut 


(Received 8 September 1959; in revised form 3 November 1959) 


Abstract—The nuclear reaction responsible for production of natural radio-carbon in the upper 
atmosphere, ''N(n,p)'"*C, can be duplicated in an atomic reactor. When “C atoms so produced are 
reacted with N,-O, mixtures under a variety of conditions and when corrections are made for compli- 
cating radiation induced effects, “CO is found to account for 90-100 per cent of the “C produced. 
This result has been contirmed by work with" C in much weaker radiation fields. Previously it has 
been tacitly assumed that '*CO, must be the product of such a reaction. Since “C as CO cannot be 
utilized in the photosynthetic process suggested mechanisms for converting carbon monoxide into a 
chemical form suitable for entrance into the biosphere are reviewed. The relatively long mean life of 
atmospheric CO leads to the prediction that the specific activity of natural CO may quite possibly be 
greater than that of atmospheric CO,. and therefore of the biosphere with which CO, is in equilibrium. 


RADIO-CARBON is generally found in nature in the tetravalent state. It is produced 
by the interaction of neutrons from cosmic radiation with nitrogen in the atmosphere 
according to the reaction "Nin, p)"C. This *C has an energy of 40,000 eV and can 
thus react as a hot atom or, after collisional loss of excess energy, by thermal reaction. 
It has generally been tacitly assumed that the original product formed by the radio- 
carbon is carbon dioxide.''’ However, while it is evident that CO, must eventually 
be formed it is not at all apparent that this will be the primary reaction product. A 
perhaps more likely primary product is carbon monoxide which is subsequently 
oxidized to the tetravalent state by some unknown agency. 

Possible reactions of carbon atoms with oxygen are 


Cig) + O,- CO, AH 265-96 kcal (1) 


C(ig)- O,- CO+O AH 138-96 kcal (2) 


CO, formed in reaction (1) would have an internal energy of 11-6 eV and would thus 
be expected only as the result of a three-body collision. Reaction (2) should therefore 
represent the preferred reaction in the gas phase. Part of the energy of this process will 
appear as kinetic energy and part as internal energy of the CO. The possibility there- 
fore exists that the “hot CO thus formed may undergo further reaction in its next 
several collisions to give CO, as the product of a secondary hot reaction. 

Radio-carbon can be generated in a nuclear reactor by the reaction “N(n, p)*C. 
There is thus a method available for producing “C under conditions similar to the 
natural ones. We have used this method to produce C in the presence of oxygen 

* Contribution No. 1577, Sterling Chemistry Laboratory. Work supported by the United States Atomic 
Energy Commission. Presented in part before the Division of Physical Chemistry of the American Chemical 
Society, Atlantic City, September 1959 


* In partial fulfillment of the requirements for the degree of Doctor of Philosophy at Yale University 
$ Department of Chemistry. Haverford College, Haverford, Pennsylvania 


E. C. ANDERSON, Ann. Re Nwel. Sei. 2, 63 (19583). 
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and have investigated the products of the reaction of “C with these species under a 
variety of conditions. lt nfortunately the environment in which “C is formed in a 
reactor is not exactly comparable to that in the natural situation. Radiation damage 
to the system due to y-radiation accompanying the neutron flux in the reactor is much 
-ater than in the atmosphere. However, the extent of this radiation damage can be 


estimated and corrections apple -d which compensate for its effect. 


EXPERIMENTAI 


The gases irradiated were air and nitrogen Oxygen mixtures, sometimes containing small amounts 


of CO, CO,, and NO,. The air was dried by pulling it thr ugh a drying tube filled with magnesium 
perchiorate. The other gases were obtained from The Matheson Co., Inc prepurified nitrogen 


(99996 per cent minimum purity), extra dry oxygen (98-6 per cent minimum purity), bone dry CO, 
(97'S per cent minimum purity), commercial grade CO (98-0 per cent minimum purity), and NO, 
‘minimum purity 98-0 per cent). These gases were used without purification. Quartz tubes $—8 cm* in 
volume were filled on a vacuum line, the total Pressure being about one atmosphere 

Samples were irradiated in the Brookhaven reactor at neutron fluxes of § » 10"*-8 « 10"* neutrons 
cm~* sec”' for periods of 2 days and 4 hr, and at 10" neutrons cm~* sec"! for 5, 7 and 12 days 

After irradiation a sample was placed in an opener, CO and CO, carrier were added if they were 
not present during the irradiation, and the quartz tube was crushed. Helium was flushed through the 
opener to inject the gas onto a chromatographic column. Most of the separations were accomplished 
on a silica gel column 2 ‘t in length. A few samples were analysed using a 5 ft silica gel or a 1 ft 
charcoal column. In order to separate nitr gen and oxygen from the CO it was necessary to cool the 
column to dry-ice temperature. After elution of the CO peak the dry-ice bath was removed and C O, 
eluted at room temperature. The gas passed from the column thr rough a thermal conductivity cell 
and then thr ugh a window v apour flow proportional counter.'*’ In this way the total mass of a peak 
as well as its activity was recorded as the peak eluted from the column." 

The possibility that '*C activity was present as carbon or carbon suboxide polymers on the walls 
of the tubes was eliminated by eating the crushed quartz in the presence of CuO and O,, with 
carrier CO, added. The resulting gas was analvsed for '¢ O,. One per cent or less of the total 


activity was found on the walls. The fact that the obser ved activity in almost all experiments exceeded 


that calculated from the neutron dosage further check that no important products are unobserved 
An activity peak which is th yught to be due to *’A (35-0 days) from the reaction **A (na, y) "A was 
found to elute with oxygen in the air sar ples. This Dstance was not oxidizable to CO,. The 
amount of activity and the decay rate are consistent with what w uld be expected for "A. A similar 
activity which appears to have come from the walls of the tubes is present to a much smaller extent 
in the samples prepared from nitrogen and oxyger 
Th 


she Mass analysis was Calibrated by passing known amounts of ( O through the chromatographic 
column and calculating the number of moles of CO that correspond to a Square Centimeter of peak 
area. From this an estimate was made of the amount of carbon monoxide oxidized in the radiation 


field in those experiments where carrier carbon monoxide was present 


RESULTS AND DISCUSSION 


Estimation of the effect of radiation damage. Both “CO and MCO, are observed 
in the experiments. It is known that radiation can reduce CO, and culties CO, 5) 
Therefore, since in some runs radiation energy of the order of as poor as 0-5 eV/mole- 
cule is absorbed by the system care must be used in deciding what portion of the pro- 
duct is due to the primary reactions of the '*C atoms and what portion is the result 
of modification by radiation processes 


Results on the N,-O, systems with no added carrier are shown by the dotted line 


*) R. WoLFGANG and C. MacKay. Nucle nics 16, No. 10, 69 (1958) 
*») R. WoLFGaNo and F. § ROWLAND, Analyt. Chem. 30, 903 (1958) 
© P. Harteck and S. Donpes. J. Chem Phys. 23, 902 (1955) 
*) P. Harteck and S. Donpes, J. Chem. Phys 26, 1727 (1957 
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in Fig. 1. The points scatter somewhat, undoubtedly because a true carrier free run 
is virtually impossible and the actual amounts of impurities acting as carrier may be 
expected to vary from run to run. However, the rather strange double maximum 
does seem to be reproducible. When carrier is added (Table |, Fig. 1) the percentage 
of CO increases markedly and becomes a much less sensitive function of the 
N,-O, composition. It appears that carrier CO tends to shield “CO from radiation 
oxidation. Since no activity appears on the walls of the reaction vessels “CO and 


Fic. 1.—"CO yield as a function of sample composition 
( — lower radiation field) 


CO, seem to be the only products. The good agreement between the total activity 
found and that calculated from the neutron dosage bears out this conclusion. 

In runs done with CO carrier only, the specific activity of the “CO (i.e., its total 
activity divided by mass of carrier present) is higher than that of the “CO, showing 
that it must be a primary product. The amount of CO oxidized may be estimated 
from the measured extent of oxidation of the carrier. This estimation of the amount 
of radiation oxidation gives the result that the product of the primary reaction of the 
4C is approximately 90 per cent or more “CO and that this is affected in only a minor 
way by the relative amounts of nitrogen and oxygen present. This confirms the 
expectation that the initial “C—O, collision complex is unstable, and also shows that 
the hot '*CO produced does not undergo significant oxidation by virtue of its excess 
energy.* 

Strong support for this conclusion derives from preliminary experiments on the 
reaction of hot "'C (20-5 min) with N,—O, mixtures. In the ''C work radiation damage 


* The actual mechanism of the radiation oxidation of CO in the C system is not directly germane to the 


problem considered here and only a cursory attempt was made to understand it. This attempt was largely 
unsuccessful, as might have been anticipated from the complexity of the separate CO-CO, and N,-O, 
systems as studied by Harteck and Donpes.'*~"’ It was found however that addition of extra NO, to the 
reaction mixture (beyond that produced by the radiolysis of N,-O,) increased the yield of “*CO (Fig. 1) 


even in carrier free runs where the Harteck—-Dondes chain radiation oxidation mechanism cannot apply 
Apparently the NO, acts as a trap for a species capable of oxidizing CO 
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is estimated as being of the order of 10~ that in the "C experiments. Under these 
conditions 97 + 3 per cent of the "C appears as "CO in both air and pure oxygen 
regardless of the presence or absence of carrier. (A more detailed account of these 
experiments will appear later.) 

NO, as the possible source of “CO. There is a possibility that the “CO observed 


TABLE | ‘CO YIELD UNDER VARIOUS CONDITIONS FOR SAMPLES WITH ADDITIVES 
Composition of sample ( Irradiation “Cc 
N, Oo, | co co, NO, (hr) 

96:9 air 1-6 | 1-5 10"! 293 79 
97-4 air 12 | 32 | | 10 293 79 
97-5 air 3 412 x 10" 48 67 
air §-2 6-3 « 1012 48 69 
89-9 air | 35 6-6 1041 168 17 
90:7 air 6:2 10" 168 83 
94-5 air 2:4 3+] 63 103 48 69 
86-5 8-4 2-1 3-0 8-1 « 10% | 42 67 
70-9 23-7 2-4 3-0 8-1 10% 42 72 
64:1 30:1 23 8-1 x 10% 42 61 
47-4 46-7 3-5 2:4 | 4-2 77 
30-1 62-3 3-6 | &1 10% | 42 88 
16-5 78-7 2:1 2-7 | 8 10" | 4-2 80 
95-6 air 4:4 | §-§ 10°? | 48 79 
96-1 air 39 «5-5 100 | 48 78 
95-7 air 43 | 63 10 | 48 83 
94-9 5-1 | 63 x 10" | 48 77 
97-2 0-8 21 | 63 = 10" 48 66 

96-2 0-8 3-0 | 63 10%? 48 7 
88-5 8-7 2:8 63 10% | 48 78 
85-1 13-1 1-8 63 « 10" 48 76 
79:1 18-5 2:4 63 1032 48 81 
18-5 | 2-4 63 10%? 48 81 
64:5 33-6 1:9 63 48 87 
49-9 | 48-2 1-9 63 10%? 4% 88 
8-3 88-9 28 6-3 x 10" 48 | 94 
95-5 air 0-6 0-6 3-3 101! 293 | 83 
94-4 air | 1-2 1-1 33 10" 293 82 
86°9 air 9-2 3-9 63 1032 48 | &4 
238 | 609 | 36 3-4 2-5 8-1 10% 42 89 
14-7 SS | 28 | 34 3-6 8-1 x 10% 42 100 


* *CO yields are not corrected for radiation oxidation. See text. 

does not arise by carbon atom reaction with O, but rather from reaction with radiation 
produced NO,."*.”) in a manner similar to that postulated by HARTECK and Donpes 
to explain NO, inhibition of the radiation chain oxidation of CO." 4 priori this 
seems unlikely since the low concentration of NO, present (~1 per cent or less than 
that of O,) would require that the collision efficiency for reaction with NO, be about 
two orders of magnitude greater than that for O,. Further the result that a ten-fold 


‘*) P. Harteck and S. Donpes, J. Chem. Phys. 24, 619 (1956). 
‘) P. HarTeck and S. Donpes. Nuc leonics 14, No. 7, 22 (1956). 
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reduction in total radiation dose causes but a minor change in the yield of CO, is not 
obviously consistent with such an hypothesis. (This change in CO, yield is probably 
caused by the reduction in the concentration of NO, which is acting as an inhibitor 
for the oxidation of *CO*.) However, the best proof that C will react with O, to give 
CO is again the ''C work where radiation damage and hence NO, concentration 
appear to be negligible. 

The pathway of natural radio-carbon. \f natural radio-carbon is introduced into 
the earth’s atmosphere as CO there remains the problem of how it reaches the tetra- 
valent state either as CO, or in the biosphere. Although radiation oxidation of CO 
in air proceeds with G values of the order of 10 or 12‘*-* the relatively low radiation 
flux in the atmosphere rules this out as a direct means of oxidation of atmospheric 
“CO. Other possible processes have been thoroughly reviewed by Bartes‘!®.1)) 
whose conclusions we cite. From the concentration of CO and estimates of its rate 
of production by combusiion and from other sources he estimates the average life 
of a CO molecule to be less than four years. Compared to this the half time for 
oxidation by O, OH or HO, produced by photo-dissociation in the upper atmosphere 
appears to be very long. Oxidation of CO by O, has been shown to be negligible 
and the reactions with NO, and O, have too high an activation energy to be important. 
Thus, BATES argues, some other process must account for the disappearance of CO. 
A mechanism does exist for the biological oxidation of CO at the surface of the earth. 
CO confined to the earth disappears much more rapidly than expected from simple 
diffusion. The organism responsible for this appears to be B. oligocarbophilus, which 
is present in the soil.’ This bacterium can be cultivated on inorganic media in an 
atmosphere of CO and air containing no other source of carbon. We are led to the 
interesting conjecture that natural radio-carbon, initially produced as CO, probably 
passes through B. oligocarbophilus in order to enter the normal biosphere. 

It is instructive to calculate the specific activity of naturally radio-active carbon 
monoxide. Given that “C has a decay constant of A years~', and that the mean life 
with respect to oxidation of an atmospheric "CO molecule is + years, then the pro- 
bability that the '*C will decay while it is in the form of “CO is (1 — e~*") which is 
well approximated by Ar since Ar is small. Now if the rate of production, which is 
equal to the rate of disintegration of "C, is Q atoms/sec cm* of earth’s surfacet 
and if + is the number of grammes of C as CO per square centimetre of earth’s surface, 
the natural specific activity of CO, S, is given by 


ArO 


disintegrations/sec g C 


For 4 use 0°693/5700 years~', and for O use 2°6 atoms/cm* sec. Then S = 3-2 « 10-4 


* This tacitly assumes that '*C once oxidized to CO, will not re-enter the atmosphere as CO. An equiva- 
lent assumption is that the mass of CO produced on earth originates from “dead” or inactive carbon. This 
follows the conclusion of BATEs that its main source is combustion of motor fuels. If this assumption is 
incorrect a term of up to 16 disintegrations/min/gC, the natural activity of CO,, must be added to the specific 
activity, S, of CO calculated above. 

*' C. Rosensium, J. Amer. Chem. Soc. 55, 220 (1933). 

* S. C. Linp and C. Rosenstum, Proc. Nat. Acad. Sci., Wash. 18, 374 (1932) 

 D. R. Bates, The Earth as a Planet (Edited by G. P. Kurper) p. 592. University of Chicago Press (1954). 
't) PD. R. Bates and A. E. WitHerspoon, Mon. Nor. R. Astr. Soc. 112, 101 (1952). 
12) S. A. WaKsMan, Principles of Soil Microbiology (2nd Ed.), p. 98. Bailliere, Tindall and Cox, London 

(1931) 
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7/b disintegrations/sec g C. Values for b vary."*") Using HUTCHINSON’s best average 
value,“* 5-4 x 10-°g C/cm*, S = 5-9 r disintegrations/sec gC or 350 7 disintegra- 
tions/min gC. Compared with the normal natural specific activity of biospheric 
carbon, 16 disintegration/min g C as COs, this is a high specific activity even if the 
mean life of CO, 7, is as small as 0-1 years. However, the value of the amount of 
atmospheric CO, 5, is as noted above quite uncertain. It is hoped that measurements 
of the specific activity of carbon monoxide will shed some light on both the CO 
inventory and the mean life of a CO molecule in nature, that is on 6 and r. If natural 
carbon monoxide is indeed found to be more radioactive than natural carbon dioxide 
we will have the further consequence that B. oligocarbophilus is probably the naturally 
“hottest’’ organism on earth in terms of “C specific activity. 

{%) G. E. HUTCHINSON, The Earth as a Planet (Edited by G. P. Kutper) p. 393. University of Chicago Press 


(1954) 
"«) L. GotpperG, The Earth as a Planet (Edited by G. P. Kuiper) p. 478. University of Chicago Press (1954). 
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THE DIPOLE MOMENT OF OF, 


J. W. BRANSFORD, A. C. KUNKLE and A. W. JACHE 
A contribution from the Department of Chemistry of the Agricultural and 
Mechanical College of Texas 


(Received 23 September 1959; in revised form 30 October 1959) 


Abstract—The dipole moment of OF, has been determined from the Stark effect on two rotational 
frequencies. The dipole moment of 0-1759 + 0-0010 Debye is about 2:1 per cent of that calculated 
for a simple ionic model. 


RECENTLY, the structure of OF, has been determined by HILTON" using microwave 


spectroscopy techniques. The determination of the dipole moment seemed to be 
indicated as an additional study. 


io 
esu 


Fic. 1.—Stark effect for OF,. 


EXPERIMENTAL 


The Stark effect was observed using a conventional Stark spectrometer modulated at 4 kc/s. The 
cell was calibrated using the shift of the 3 ---» 4 transition of OCS as a standard. Fig. 1 shows the 
observed Stark shifts for OF, as a function of field. Measurements were made only on the stronger 
and sharper Stark components. The method of GoLDEN and Witson'® which employs the line 
strength elements tabulated by Cross et a/.’* and extended by SCHWENDEMAN and Laurie’ was 


') A. R. Hitton, Ph.D. Dissertation, A and M College of Texas (1959) 

‘) S. Gotpen and E. B. Witson, Jr., J. Chem. Phys. 16, 669 (1948) 

'*) P.C. Cross, R. M. Harner and G. W. Kina, J. Chem. Phys. 12, 210 (1944). 

‘ R. H. SCHWENDEMAN and V. W. Laurie, Tables of Line Strengths. Pergamon Press, London, New York 
(1959). 
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used for the calculations. The value of A (Ray's asymmetry parameter) is 0-92961.""' The results 
from the 2). -—--> 2,, transition indicate a dipole moment of 0-1753 Debye while those from the 
_—-» 3,, transition indicate a dipole moment of 0 1766 Debye. An average value of 0-1759 


“02 


0-0010 Debye seems reasonable 
DISCUSSION 


The results of HILTON indicate that the bond angle, 26 for OF, is 103-88 
while the O—F bond distance is 1-385 A. If one considers a molecule with the 
structure O?*(F-), in which the charges are centred on the nuclear positions, we 
can calculate a dipole moment for it in the following manner. The moment along the 
O—F bond would be the product of the electronic charge times the bond length. 
The component along the symmetry axis would be this value times cos #. Since there 


are two such components, the dipole moment would be twice this value. The dipole 
moment calculated in this way is 8-2 Debye units. The observed dipole moment for 
OF, is a very small part, about 2:1 per cent of that calculated for the simple ionic 
model considered here. 


Acknowledzement—This work was supported by a grant from the Robert A. Welch Foundation. 
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THE ABSORPTION SPECTRA OF COMPLEX SALTS—III 
CUPRIC ETHYLACETOACETATE* 


D. P. GRADDON 
Inorganic Chemistry Department, University of New South Wales, 
Sydney, Australia 


(Received 30 September 1959) 


Abstract—The absorption spectra of cupric ethylacetoacetate in the 200-1000 my range have been 
measured in a variety of solvents. Absorption bands of high intensity in the 200-300 my region are 
attributed to the conjugated system of the ligand. Absorption in the 300-1000 my region is shown 
to be resolvable into three Gaussian component bands at wavelengths of approximately 370 my, 
550 mu and 700 my in non-reacting solvents and 370 mu, 700 my and 900 my in heterocyclic bases, 
which react with the solute. Correlations are suggested between these absorption bands and possible 
d -» d transitions in the cupric ion. 


ALTHOUGH the apparent co-ordination number of the cupric ion in hydrated and 
complex salts is commonly four, an elongated octahedral environment is usually 
achieved in the solid state by further co-ordination of donor atoms along the axis 
normal to the plane of 4:co-ordination.”’ A parallel situation probably arises in 
aqueous solutions by the analogous co-ordination of solvent molecules. The absorp- 
tion spectra of aqueous solutions are thus characterised by a single absorption band 
corresponding to the d,—» d, transition expected for a d* ion in an octahedral ligand 
field; this band has its maximum intensity in the region 550-800 my depending on 
the nature of the ligands, there being no absorption in the near ultra-violet region. 
There are, however, some 4:co-ordinated cupric complexes which are soluble, 
monomeric non-electrolytes in non-donor solvents and so must retain their planar 
structure in solution without enlargement of the co-ordination number to six. In 
these compounds the tetragonal environment of the cupric ion should lead to a more 
complex splitting of the d-orbital energy levels and so to more complex absorption 
spectra. Compounds of this type are formed mainly by the enolate ions of 8-diketones 
and related substances, such as acetylacetone, ethyl acetoacetate and salicylaldehyde. 
In the present work the absorption spectra of cupric ethylacetoacetate (1) have 


CH, OC.H, CH, CH, 


C,H,O 
(1) (II) 


* Part Il: J. Inorg. Nucl. Chem. 7, 73 (1958) 


' A. F. Weixs, Structural Inorganic Chemistry (2nd Ed.). Oxford University Press (1950). 
* J. S. Gaurertn and L. E. Orcer, Quart. Reo. 11, 381 (1957) 
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In general there are three regions of 


been determined in a variety of solvents. 
absorption in the 200-1000 my region, viz. 

(1) Absorption bands of high intensity in the ultra-violet region at a frequency of 
3-5 u~' (330-200 my). In cyclohexane solution these bands show fine structure, but 
this is damped in more polar solvents (Fig. 1). Cupric acetylacetonate (Il) shows 
similar absorption in the ultra-violet region, a little more intense and at a slightly 
lower frequency, and as the enolate ion of acetylacetone in aqueous solution also 


Molor extinction 


40 


number , 


Wave 
High intensity ultra-violet absorption spectra of 
cupric ethylacetoacetate in cyclohexane, 
cupric ethylacetoacetate in diethyl ether, 
cupric acetylacetonate in chloroform. 


Fic. 1 


absorbs in this region at a slightly lower frequency than that of ethyl acetoacetate, 
the absorption of the cupric complexes in this region may reasonably be attributed 


to the conjugated system of the ligand. 

(2) An absorption band of intermediate intensity (e ~ 300) in the near ultra- 
violet at a frequency of about 2:7 « ! (370 my) appearing as a shoulder on the low- 
frequency side of the high-intensity band (Fig. 3). This band also occurs, at about 
the same frequency, in the absorption spectra of the acetylacetonate, but is there 
more heavily obscured by the tail of the high-intensity band. The absorption in this 
region can be resolved into a single Gaussian absorption band with maximum 
intensity at a frequency of about 2-7 ~~! and a residual absorption due to the tail of 
the high-intensity band (Fig. 2). 

Table | gives the parameters of the Gaussian absorption bands obtained by 
carrying out this resolution in seven different solvents. In most of these the shoulder 
of the absorption curve is sufficiently well defined for the resolution to be reasonably 
accurate, but in cyclohexane solution the band in the near ultra-violet is so deeply 
embedded in the high-intensity absorption that the analysis can only be approximate. 


Absorption Spectroscopy in Organic 


') A. E. Gittam and E. S. Stern, An Introduction to Electronic 
Chemistry. Arnold, London (1954) 
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(3) In the visible region there are overlapping absorption bands of low intensity 
(¢ < 100), responding in different ways to changes of solvent. With increasing 
basicity of the solvent the extinction increases at frequencies below about 1-7 «~! 
and decreases at higher frequencies (Fig. 3). The effects of pyridine and piperidine 
are very much greater than those of other solvents, and as heterocyclic bases have 


1000 
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Fic. 2.—Gaussian analysis of absorption in the near ultra-violet Heavy lines show the 
experimental absorption curve, light lines the constituents. 

cupric ethylacetoacetate in cyclohexane, 

cupric ethylacetoacetate in pyridine, 

cupric acetylacetonate in chloroform. 


TABLE 1.—GAUSSIAN ABSORPTION BANDS IN THE 2-7 u~! REGION 


Solvent Vmax Width 


Cyclohexane 2:72 400 0-55 
Benzene 2°66 290 0-61 
CCl, 2:70 280 0-60 
Ether 2:73 360 0-60 
Acetone 2-70 270 0-60 
Pyridine 2-64 220 0-64 
Piperidine 2-63 180 0-55 


been shown to combine with the solute,’ experiments were carried out to determine 
whether such reactions occurred with the other solvents 

Fig. 4 shows the extinction, at arbitrarily chosen frequencies, plotted against the 
solvent composition for mixtures of cyclohexane with some of the other solvents. 
The linear plots obtained with benzene, ether and acetone show that there is no 
reaction between these solvents and the solute, whereas pyridine and piperidine give 


‘ D. P. Grappon, Nature, Lond. 183, 1610 (1959) 
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Fic. 3 Absorption spectra of cupric cthylacetoacetate in the visible and near ultra-violet 
regions in seven different solvents: cyclohexane (1), benzene (2), carbon tetrachloride (3), 


diethyl ether (4), acetone (5), pyridine (6) and piperidine (7) 


extinction 


Molar 


\ Pyridine, piperidine 
20 J 


=r 


%e Solvent in mixture 


Fic. 4.— Extinction of solutions of cupric ethylacetoacetate in mixtures of cyclohexane with 
benzene @, diethyl ether \, and acetone 9. Part of the curves are shown for the extinction 
in mixtures Containing pyridine or piperidine 


curved plots indicative of compound formation. The absorption spectra in pyridine 
or piperidine as solvent thus represent a different absorbing species from those in the 
other solvents and may be expected to differ fundamentally from the absorption 
spectra in these solvents. 


In each case absorption in the visible region can be resolved into two Gaussian 
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components. In the non-combining solvents these have maximum intensities at 
frequencies of about 1-4 «-! (700 my) and 1-8 «w-! (550 mu) and in pyridine and 
piperidine at about 1-1 «~~ (900 my) and 1-4 w~! (700 my) (Figs. 5-6). The para- 
meters of the component Gaussian absorption bands are given in Table 2 


Molor extinction 


Wove number, ft 


Fic. 5.—Gaussian analysis of the visible region absorption of solutions of cupric ethylaceto- 
acetate in cyclohexane (1), benzene (2), carbon tetrachloride (3), acetone (4), pyridine (5) and 
piperidine (6) 


These results may be compared with those obtained by CaLvin ef al. for the 


absorption of cupric acetylacetonate in a similar range of solvents. Their experi- 
mental results, which are restricted to the visible region, parallel exactly those now 


reported for cupric ethylacetoacetate and extension of their observations to the 
ultra-violet region shows that cupric acetylacetonate also produces an absorption 
band of intermediate intensity at a frequency of about 2:7 uw! (Fig. 2) and high 
intensity bands at higher frequencies (Fig. 1), though these obscure the intermediate 
band more severely than in the ethylacetoacetate. 


R. C. Betrorp, M. Carvin and G. Betrorp, J. Chem. Phys. 26, 1165 (1957) 


2 

20 = | | Vv AN 

. 
| 

so} = 
ae 5 6 
\\ 
| 
j \ 
| 
4 
0 
/ | 
, 
$—+ Ae + 44 + 

as / ‘ 

a 

q 

q 


D. P. GRADDON 


In interpreting their results, however, these authors resolved the absorption in 
the visible region into three Gaussian component bands in each case instead of two. 


Unfortunately, as they point out, these component bands overlap to such an extent 


that it is not possible to make a unique analysis and, as can be seen in Fig. 6, it is in 
fact possible to represent the experimental curves equally satisfactorily as the sum of 
either two or three Gaussian components. 


TABLE 2 (JAUSSIAN ABSORPTION BANDS IN THE VISIBLE REGION 


Solvent Width (4 


x €max Width (u~*) 


Cyclohexane l 

Benzene 1-43 34 0-40 1:78 26 0-36 
CCl, 1-43 35 0-40 1-78 23 0-34 
Ether 1-40 35 0-40 1-71 23 0-36 
Acetone 1-40 37 0-40 1:70 25 0-36 
Pyridine 1-44 70 0-40 1-12 43 0:36 
Piperidine 1-48 76 0-44 1-16 46 0-36 


T 


+ 


> 
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2 6 20 


Wove number, 


Gaussian analysis of the absorption of cupric ethylacetoacetate in diethyl ether into 
two (—- ) or three ( ) adsorption curves. Ringed points show the sum of the 
two (©) or three (- ) curves 


In the present work, resolution into two components is preferred for several 
reasons: 


(1) A more regular variation is observed in the parameters of the component 
bands on changing from one solvent to another (Table 2). 

(2) The visible region absorption of cupric ethylacetoacetate in cyclohexane and 
of the acetylacetonate in chloroform cannot be resolved into three components. 
CALVIN ef al. attempted to account for the missing band in their analysis by calculating 
that its frequency should be nearly the same as that of one of the other bands: they 
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admit however that their calculation is open to doubt, and the frequency proposed 
is not wholly consistent with the position of the missing band which would be expected 
from a study of their tables. 

(3) By resolving all of these curves into three components the absorption in 
pyridine and piperidine is made to conform to the pattern set by the other solvents; 
but it is now shown that pyridine and piperidine react with the solutes to form new 
species, the absorption of which ought not to conform to the pattern in the other 
solvents. 

Since ligand-field theory predicts a fourfold splitting of the d-orbital energy 
levels in a tetragonal field, we should expect to find three d—> d transition energies 
represented by three absorption bands." BeLFrorD ef al. identify these with their 
three Gaussian components of the absorption in the visible region, but as they are 
apparently unaware of the absorption band in the near ultra-violet (2-7 ~~), this 
band remains unidentified in their analysis. On the basis of resolution of the visible 
region absorption into two components only, and allowing for the band in the near 
ultra-violet, it is now possible to express the absorption of cupric ethylacetoacetate 
(or the acetylacetonate) in terms of three Gaussian components, one of which is 
shifted to much lower frequency on the formation of a new species in pyridine or 
piperidine solution. The approximate frequencies of these three components are: 


in non-reacting solvents: 14 1-8 2:7 
in pyridine or piperidine: 1-4 1-1 2-7 


Correlation of these bands with particular electronic transitions is, at best, a 
largely intuitive process, since it is not possible to calculate even the order of increas- 
ing energy of the d-orbitals, except in an idealised environment of the metal atom. 
However, the high sensitivity of the absorption band at |-8 u~' to changes of solvent 
and its replacement by a band at 1-1 «~' when a molecule of pyridine or piperidine is 
added to the compound, presumably by co-ordination along the axis normal to the 
molecular plane, suggests that both of these bands should be attributed to the ds— 
d,x_,2 transition, since the energy of the d,. orbital will certainly be considerably 
raised by co-ordination of further ligands in this manner. On the assumption that the 
d,, orbital, which lies in the molecular plane, is of higher energy than the doubly 
degenerate d,, and d,, orbitals, we thus arrive at the tentative assignments of energy 
levels and electronic transitions shown in III and IV. 


d 


zy? 


dys, 


‘) L. E. Orcer, J. Chem. Phys. 23, 1004 (1955). 
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Symmetry forbidden d-— d transitions of this type are made possible by vibra- 
tional perturbations, the nature and effects of which are discussed in some detail by 
CHATT ef a/. in their analysis of the absorption spectra of some platinous ammines."” 
They show in particular that the d,., d,,—» d,»_,2 transition is probably associated 
with the absorption of light polarized in the z axis. The polarization of the absorption 
of cupric complexes of the type here discussed is not known, but it is significant that 
cupric acetate, in which the cupric ion also has a planar environment, also has an 
absorption band in the near ultra-violet at a frequency of about 2-7 u~', shown by 
TsuCHIDA and YAMADA to be polarized in the z axis.) TsucHIDA and YAMADA 
attribute this absorption band to the ““Cu—Cu linkage” in the dimeric acetate, but as 
an absorption band at this frequency appears in the spectra of the acetylacetonate and 
related compounds, it seems more probable that it is characteristic of the planar 
co-ordinated cupric ion that of the ““Cu—Cu linkage”’ peculiar to the alkanoates, and 
that in both types of compound it represents the d,,, d,,—> d,s_,: transition. 

In the cupric alkanoates the extinction of this band is of the order of 50-70, as is 
common with d—> d singlet transitions, but in the enolates here discussed it is much 
higher, reaching a maximum of about 400 in cyclohexane solution. This high extinc- 
tion appears to be due to some form of interaction with the high-intensity absorption, 
and is observed in other instances where a d—» d absorption band is embedded in the 
tail of a band of high intensity (for example an extinction of 233 is quoted for the 
d,,, d,, —» d,»_,2 transition in the [(NH,),PtCl]* ion by Cuartrt et al. loc. cit.) 


EXPERIMENTAL 


Cupric ethylacetoacetate was prepared by reaction of cupric sulphate with the equivalent quantities 
of ethylacetoacetate and sodium hydroxide in aqueous solution. The green precipitate thus obtained 
was dried over sulphuric acid in vacuo and recristallized twice from benzene as dull green needles 
(Found: Cu (iodimetric), 19-7. Cale. for Cu(CH,CO.CH.CO,C,H;),.: 19-77%) 

Cupric acetylacetonate was prepared in a similar manner and recrystallized from glacial acetic 
acid as steely blue needles. (Found: Cu (iodimetric), 24-3. Calc. for Cu(CH,;CO.CH.COCH;),: 
24:30) 

Solvents were analytical reagent grade, purified by redistillation and dried (ether and acetone) 
over anhydrous sodium sulphate Py ridine was heated under reflux with potassium permanganate 
before distillation 

Absorption spectra were determined on a Unicam SP500 spectrophotometer. In the visible region 
concentrations of 5 x 10°* molar were used in cells of 1 cm path; in the ultra-violet region concen- 
trations of 5 x 10-* molar were used in conjunction with cells of 1 cm path in the range 500-330 my 
and 0-2 cm. path at shorter wavelengths 

J. Cuatr, G. A. GAMLEN and GEL, J. Chem. Soc. 486 (1958) 

R. Tsucuipa and S. YAMADA ature, I /. 176, 1171 (1955) 
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Abstract—Ultra-violet, visible and infra-red absorption spectra of uranyl chelates of acetyl- 
acetone, trifluoroacetylacetone, and hexafluoroacetylacetone are described and interpreted on the 


region. Factors involved in the preparation of uranyl chelates are discussed 


basis of the electronic influences of the fluorine atoms. Infra-red assignments are made in the carbony! 


IN the previous two articles of this series‘! the copper(II) chelates of a series of 
bidentate ligands,""’ and of a series of Schiff bases derived from diamines and the 
same bidentate ligands, have been described, and the influence on the spectra resulting 
from fluorine substitution on the ligand has been reported. In the present paper the 
influence of fluorine in the ligand on the spectra of a number of analogous uranyl 
chelates is described. One of the purposes of this work was to investigate the possibility 
of preparing uranyl chelates with properties which would allow their use in liquid 
scintillation counters. For this purpose, the chelates should be soluble in hydrocarbon 
solvents and pass a maximum of blue light in such solutions. Thus most uranyl 
chelates, which are coloured deep yellow or orange, are unsuitable since they would 
absorb the blue scintillations. It was hoped that fluorine-containing ligands would 
produce uranyl chelates with better properties in this respect. 

Although the uranyl chelates of acetylacetone and trifluoroacetone have been 
known for a long time, there has been no investigation of the spectra of the fluorin- 
ated derivatives of uranyl acetylacetonate until the report by HAszeLpine et a/. of 
the ultra-violet spectrum of bistrifluoroacetylacetono-UO,( VI). At the writing of the 
present article, no reports of the preparation or spectra of the hexafluoroacetylacetone 
uranyl chelate have appeared. 


EXPERIMENTAL 


The ligands used in this investigation either were readily obtainable as pure materials, or were 
prepared as described in previous publications on the synthesis of the corresponding copper che- 
lates.''*' The absorption spectra were measured by methods described in a previous publication." 

Bisacetylacetono-UO<V1). To 424 g (0-010 mole) of uranyl acetate disolved in 100 ml of water 


was added 2-0 g (0-020 mole) of acetylacetone dissolved in a minimum amount of warm water. An 
equivalent amount of aqueous K.CO, solution was then added very gradually so as not to cause 
precipitation of uranyl hydrolytic products. The yellow-orange substance which slowly crystallized 
ou: of the orange reaction mixture was recrystallized from a toluene petroleum ether solvent. The 


* The work described in this paper was sponsored by the U.S. Atomic f nergy Commission 
+ National Science Foundation Fellow, 1953-4 and 1954-5 
$ On leave during summer of 1953 from Clark University, Worcester, Massachusetts 
R. L. Bectorp, A. E. Martet and M. Catvir, J. nore. Nucl. Chem. 2. 11 (1956) 
A. E. Martect, R. L. Becrorp and M. Cavin, J. Inorg. Nucl. Chem. 5, 170 (1958) 
W. Bittz and J. A. Cuincn, Z. Anorg. Chem. 40, 220 (1904) 
Haszecpine, W. K. Muscrave, F. Sarin and L. M. THurton, Chem. Soc. 609 (1951) 
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product, consisting of 2-5 g (53 per cent of the theoretical amount) of fine yellow —a did not 
melt under 300 C, but gradually darkened as the temperature was raised. (Found: C, 25-44; H, 
3-4; U, 48-0. Calc. for C,,H,,O,U: C, 25-65: H,3-0°.: U, 50-9. Calc. for 
24-68; H, 3:32; U, 49-0) 

Bistrifiluoroacetylacetono-UO,V1). A solution of 4-24 g (0-010 mole) of uranyl! acetate in 100 ml 
of hot water was added to a partial suspension of 3-08 g (0-020 mole) of trifluoroacetylacetone in 
150 ml of boiling water. A yellow solid began to crystallize immediately. After the reaction mixture 
was allowed to cool 5.0 g (87 per cent of the theoretical amount) of crystalline material was obtained. 
It was recrystallized by evaporation of its solution in a chloroform-carbon tetrachloride mixture 
Material remaining in the mother liquor was recovered by the addition of petroleum a. The 
yellow crystals thus obtained decomposed when heated above 160°. (Found: C, 20-4; H, 2:2: U, 
40-2. Calc. for C,,H,O,F,U: C, H, 1-4; U, 41-3°%. Calc. for C, 20-2: 
1:7; U, 40-0) 

Bishexafluoroacetylacetono-ULOAV\) tetrahydrate. A solution of 3-40 g (0-010 mole) of urany! 
chloride, UO,Cl,, and approximately 5S g (0-024 mole) of hexafluoroacetylacetone in 100 ml of 
anhydrous ether was heated for | hr near the boiling point. After addition of 0-8 g of NaOH and 
20 min further heating, the solution which contained a finely-divided insoluble material was washed 


with two 100 mi portions of water. The ether solution was evaporated to near dryness and the residue 
was dissolved in boiling petroleum ether (30-60 ). The yellow crystals obtained on cooling were 
twice recrystallized from D pet ‘eum ether to give a yield of 5-2 g or 76 per cent of the theoretical 


amount. (Found: U, 31-5, 31-9. Calc. for C,,H,O,F,,t 348. Calc. for C,,H,O,F,,U.4H,O: 
U, 31-5°,) 

The product was found to be insoluble in water but soluble in all organic solvents tried. The 
solubility in n-heptane was measured as 0:50 ¢ in 100 ml of solvent. When heated above $8 this 
material changes to a substance insoluble in petroleum ether and loses a volatile liquid. It turns 
orange at 152 and melts with decomposition at 158-161 The orange-red compound is also formed 
at 0-01 mm Hg pressure at 60 for 6 hr, and very rapidly changes to the yellow, soluble variety on 
exposure to air 

Reaction of bisacetylacetoneethylenediimine with the uranyl(V\) ion. A 0-011 mole (2-50 g) sample 


of ligand was dissolved in 150m! of water at 40° and treated with 0-010 mole (4 24 g) of urany| 
acetate dissolved in 200 mi of water at 40 Turbidity gradually appeared as the temperature was 


raised to 60 , and then increased very rapidly as 1-0 g (0-010 mole) of sodium carbonate was slowly 
added with stirring. The bright yellow-orange solid, which weighed 4-2 g, was found to be soluble 
in dioxane, chloroform, hot toluene, and 1 precipitate slowly when ligroin was added to the corre- 
sponding solutions. It was recry zed by evaporation of a chloroform solution, addition of carbon 
tetrachloride, and further evaporation. Further recrystallization was carried out from hot toluene 


by the addition of an tanta amount of ligroin 
he same product was obtained by a different procedure whereby the uranyl acetate was first 
converted to the acetylacetonate,which was then treated in 25 percentethanol at 75 with the equivalent 
amount of ethylenediamine. The yellow chelate compound was completely precipitated after 15 min 
heating at 80 
Repeated crystallizations fron inious Combinations of solvents including chloroform, carbon 
tetrachloride and petroleum ether gave materials of slightly-varying Composition, as is indicated by 


the following sample analyses 


Sample No 


C(%) Hi °.) 


WN 


Reaction of bisacetylacetonetrimethylenediimine with uranyl(V\) ion. The procedure described 
above for the reaction of uranyl ion with bisacetylacetoneethylenediimine was followed exactly with 


14 
33-2 3-8 6 
2 34-6 42 4 
3 33-8 3-9 6 
. 4 32-4 44 4 
: 5 32:3 42 5 
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bisacetylacetonetrimethylenediimine. The analogous substance thus obtained was recrystallized 
gradually from a carbon tetrachloride solution by the addition of petroleum ether. The product 


consisted of beautiful orange-yellow needles. (Found: C, 31:3; H, 41; N, 24%). 


370 290 300 330 350 370 390 
» IN Mp 


L 
250 
Ultra-violet absorption spectra of bisacetylacetono—-LO,(V1) . bistrifluoroacety!l- 
and bishexafluoroacetylacetono—UO,( V1) in 0000020 M 

For the 0-0001 M solutions, 5 10~* € is plotted; for 
the 0-000020 M, 10°*, 


Fic. 1 
acetono—-U0O, (V1) 
and 0-0001 M chloroform solution 


EXPERIMENTAL RESULTS 
The ultra-violet and visible absorption spectra of the three uranyl chelates described 
above are given in Figs. | and 2, respectively.* Enlarged curves of the more interesting 
portions of the visible spectra are given in Fig. 3. Through the use of a semi-log scale, 
the ordinates of the absorption plots are made to read directly in extinction coefficient. 


The wavelengths of the maxima in the absorption bands in the visible and 
* One cannot say that the small apparent discrepancies between spectra of the same compound in Fig. | 
»perating at peak efficiency: nor can 


are real, as the spectrophotometer used (Beckman Mode! DK) was not 
it be very reliable at the high optical densities represented by the left-most sections of the upper curves 
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ultra-violet regions, with the corresponding molar extinction coefficients, are given in 
lable 1. Subsidiary bands, adjacent to, and partly obscured by, a primary band, are 


indicated in parentheses 


The infra-red spectra of the chelates and of the corresponding ligands are given in 


10 


08 


eno’ 


OPTICAL DENSITY 


Fic. 2 Visible and ultraviolet absorption spectra of bisacetvlacetono uranyl( V1) , distri 
fluoroacetono uranyl( V1) and bishexafluoroacetylacetono uranyl(V1) 10-4, 
1-0 10°-* and 1-0 10°* M in chloroform solution 


Table 2. The absorption frequencies of very weak or doubtful infra-red bands are 
also enclosed in parentheses. 


DISCUSSION 


Preparation of uranyl(V1) chelate compounds. The method outlined for the 
preparation of uranyl acetylacetonate and its trifluoro derivative is dependent on the 
rate of addition of base. Too rapid an increase in pH of the reaction mixture results in 
side reactions leading to the formation of hydrolytic products of the UO,** ion, and 
consequent contamination of the metal chelate which is formed at the same time. 

The dihydrate of hexafluoroacetylacetone was found to be relatively inactive 
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toward the uranyl ion in aqueous solution. Hence it was found necessary to form the 
chelate from the anhydrous ligand in a non-aqueous system. One of the methods 
employed—involving the ligand itself as solvent and dehydrating agent—gives 
excellent yields. However, any similar method with a suitable non-protonic organic 
solvent was found to work just as well. The observed non-reactivity of the uranyl ion 


2 


», mp 


FiG. 3.—Enlarged section of uranyl chelate spectra in the visible: bisacetylacetono - , bistri- 

fluoroacetylacetono , and bishexafluoro uranyl chelates in 1-0 10-* and 1-0 

10°? M chloroform solution Also uranyl dinitrate hexahvdrate . 10 10° M in 
dioxane; fresh preparation 


with the hydrate of hexafluoroacetylacetone is in agreement with the observations of 
HASZELDINE et al.‘ 

The reactions of the uranyl ion with bisacetylacetoneethylenediimine did not give 
the simple inner complex salt of the Schiff base as did the copper(Il) ion. The com- 
pound isolated was apparently a molecular complex bisacetylacetoneethylenediimine 
(unchelated) and uranyl bisacetylacetonate. The analytical results showed that the 
composition of this molecular association compound varied slightly with the conditions 
of crystallization. The same product was obtained when the Schiff base and the 
uranyl salt were the only reactants and when ethylenediamine, acetylacetone and 
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TABLE 1.—ABSORPTION BANDS OF CHC], SOLUTIONS IN THE ULTRA-VIOLET AND VISIBLE REGI NS 


Compound Molarity 


Acetylacetone 40 » 10°° 280 9,500 


Bisacetylacetono-dioxouranium( V1) 2:0 x 10-5 277 21.500 
pS 1,900 


Trifluoracetylacetone 


Bistrifluoroacetylacetono-dioxouranium( V1) 


lll Hexafluoroacetylacetone 40 « 10°° 273 7,800 


Ill-UO, Bishexafluoroacetylacetono-dioxouranium( V1) 


2:0 ~ 310 
10 » 364 7,300 


1-0 10-? 417 33 
1-0 10°? 430 33 
1-0 10-* 443 28 
1-0 458 18 
1-0 10 ? 483 7 


10 «x 10°? 502 6 


* HASZELDINE ef al/.* report € values of 11,500 and 4500 at 280 and 352 my respectively, in ethanol. 


uranyl acetate were brought together simultaneously. In the former case, hydrolysis 
of the Schiff t \se apparently took place in the presence of the uranyl ion. It is 
suggested that this reaction occurs through preliminary formation of an unstable 
chelate between the uranyl ion and the tetradentate Schiff base, followed by hydrolysis 
as is indicated in the following chemical equation: 

H,O H,O 
CH, CH, 


H,C 


~H,NCH,CH.NH, 


(440) 
(470) 
il 40-10% 284 10,500 
20 « 10° 284 17,000* 
10 360 4,200* 
10 (423) 36 
10 = 107? 436 28 
10. 10°? 450 25 
10 » 10-2 (467) 
10. 10°? (489) ~9 
10» 10? 506 
Vol. 
| 
C=N N—C C=O O=C 
CH uO, CH ——~> CH uO, CH 
C—O C—O 
H,C CH, H.C CH, 
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TABLE 2.—INFRA-RED ABSORPTION BANDS OF LIGANDS AND URANYL(VI) CHELATES 


1-UO, 


IV 


2960 


(2620) 


(2350) 


(1725) 
1708 
1620 


1425 
1365 


1305 


780 


3100 


(2340) 


1268 
1195 


(1150) 
1020 
(945) 


923 


815 


3360 
(3120) 
2980 


(2350) 


1775 

1745 
(1713) 

1680 


(1475) 
1455 

(1430) 
1375 
1350 


3360 
3200 


(2280) 


1623 
1600 
1555 
1534 
1514 


1368 


3120 
2950 


(2580) 
2420 


(2200) 
2000 
1790 
1765 


1680 
1625 


1450 


(1350) 


1085 


913 


819 


743 


3530 
(3170) 


1650 
(1620) 


1568 
1540 


1460 


1335 
(1315) 
1287 
1270 
1214 
(1195) 


(1150) 
1112 


1020 
990 
950 
923 
910 
858 
830 
805 
780 


720 


(2700) 


1578 
1550 


1520 
(1495) 


1330 


1270 
1215 
(1190) 
1175 
(1160) 
1138 
1080 
1016 
975 
955 
923 
906 
(850) 
827 


785 
763 
725 


675 
650 


175 
3550 
a = 
(2700) 
| 
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4 
1530 | | 1530 
— 
60 
= 1300 | 
_ 1282 1280 1270 1258 
4s 1252 1230 1233 1220 | 1210 
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| 
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1140 1108 
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This reaction is similar to the Cu(I1)-catalysed hydrolysis of ethyl f-diethylamino- 
trifluorocrotonate reported previously.) In reactions of this type, the central metal 
ion serves to increase the electropositive nature of the donor nitrogen and thus speeds 
up the attack by a base such as water. 

The analyses given for the uranyl chelates of acetylacetone and trifluoroacetyl- 
acetone are compatible with the presence of water of hydration, and are possibly 
monohydrates. This conclusion is supported by the presence of a strong hydroxyl 
band at 3100 cm“! for the former compound, and of strong hydroxyl bands at 3200 
cm! and 3360 cm~!. In this connection it should be noted that all of the wide variety 
of #-diketone uranyl chelates prepared by SACCONI and GIANNONI” were found to be 
hydrates which could be dehydrated only with difficulty. Their observation of a 
deepening of colour of the chelate to red on dehydration is also similar to the behaviour 
observed for the acetylacetonate and for the trifluoroacetylacetonate. 

The hexafluoroacetylacetono-UO,(V1) chelate is unique in that it forms a tetra- 
hydrate, characterized by a strong absorption band at 3530 cm-!. Because of the 
tendency of the trifluoromethyl groups to hydrate an adjacent carbonyl group, a 
possible formula for the uranyl chelate is derived from a hydrated form of the p- 
diketone, in which two hydrogen ions are replaced by the uranyl ion. 


CF, 
OH 
CH, 
OH 


CF, 


Anothier possibility is one in which the water is directly associated with the uranyl 
ion. 

U /tra-violet absorption spectra. The ultra-violet absorption spectra of the ligands 
have been previously described.’ The spectra of the uranyl chelates resemble those 
of the ligands in that they all contain a strong band at about the same frequency as 
that of the ligand and are considerably intensified. These are K-type bands which 
correspond to transitions in enolate structures of the type: 


H.C 


R 


Thus the ultra-violet absorpti on bands of the uranyl £-diketonates arise from tran- 
sitior is similar to those descr\ bed previously for Cu(I1)-S-diketone derivatives. 


L. $saccont and G. GIANNONI, Chem. Soc. 2368 (1954). 
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The introduction of trifluoromethyl groups in the /-diketone has two pronounced 
effects on the spectra: (1) it increases the splitting into a number of weaker K-type 
transitions of lower frequency; and (2) it greatly increases the intensity of the sub- 
sidiary (360 mu) bands. Thus the spectra in Fig. 1 show two bands for bisacetyl- 
acetono-UO,(VI), one of which is very weak. In the trifluoro chelate compound, 
the secondary band is much more intense, but has about the same frequency as that 
of the acetylacetone derivative. In the hexafluoro compound, this band is further 
greatly intensified, but its frequency is again not greatly changed. The latter compound 


.also shows a third, intense K-type band of only slightly lower frequency (and intensity) 


than that of the main band. This band is evident as a weak shoulder on the side of the 
main absorption band of the trifluoro derivative, while so weak as not to be at all 
discernible in the absorption of the unfluorinated chelate. 

It appears that the integrated intensity of absorption for each of the three uranyl 
chelates is approximately the same for the entire spectral region shown in Fig. 1. 
The subsidiary bands grow at the expense of the original strong enolate band. How- 
ever, we lack sufficient knowledge about these transitions to state what significance 
this fact has. 

Of two possibilities for the 360 my bands, charge-transfer, or ligand n-7 or 
m-m transitions, we favour the ligand system interpretation. We are prejudiced 
against charge-transfer because of the insensitivity of position of these bands to 
ligand basicity. One might at first glance make the same objection to the ligand 
transition alternative, but spectra of the chelating agents" contain some ligand 
bands whose positions are not powerfully dependent upon substituent fluorination or 
ligand basicity. A more serious argument is the absence of the 360 my bands, at 
least at the same frequencies, in the parent chelating agents or their cupric chelates, 
However, it does not follow that the OUO** group must be a primary participant in 
the transitions. Its imminence could influence or promote essentially ligand trans- 
itions. A third possibility exists—that the bands are transitions within the OUO** 
group. 

The strong influence of fluorine substitution on the spectra of the uranyl #- 
diketones may be observed in the near ultra-violet and visible regions illustrated in 
Figs. 2 and 3. In the spectrum of the nitrate the many absorption bands resulting 
from electronic transitions of the uranyl ion are clearly visible. In the uranyl chelates, 
the absorption bands of the metal are superimposed on the strong tail-off of the 360 
my band. 

The visible absorption bands of the nitrate show a well-defined vibrational struc- 
ture for the excited state, with an approximate separation of 750 cm~'. Increased 
ligand basicity appears consistently to increase the vibrational frequency, e.g., the 
hexafluoro and trifluoro acetylacetonates show 795 and 812 cm™', respectively. 
Several authors,®-'” report fluorescence, absorption and infra-red vibrational 


A. N. Sevcuenko, V. M. Voovenxo, and T. V. Kovateva, Zh. Exsp. Teor. Fiz. 21, 204 (1951); Chem. 
Abstr. 46, 2407 (1952). 

‘7? L. H. Jones and R. A. Penneman, J. Chem. Phys. 21, 542 (1953) 

*)G. H. Diexe and A. B. F. DuNcAN, Spectroscopic Properties of Uranium Compounds. McGraw-Hill, 
New York (1949) 

‘* E. Rasinowircu, Argonne National Laboratory Report No. ANL-5122 (1953) and several references 
cited there. 

"°) E. RasinowitcH, Argonne National Laboratory Report No. ANL-5173 (1953) and several references 

cited there. 
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measurements for OUO** salts. The fluorescence and infra-red measurements, 
related to ground-state properties, show frequencies about 20 per cent higher than 
ours. The absorption results generally show frequencies of about 700 to 750 cm=! 
for the symmetric stretch of OUO** in its upper electronic state. It is tempting to 
speculate that the more basic ligands attach themselves more securely to the uranium 
atom, decreasing its tendency to coordinate with extra H,O molecules (see the analyses) 
and thus indirectly decreasing the effective mass and perhaps the force constant of the 
U—O bond. We are testing this hypothesis with further work.” 

It is also apparent from the absorption spectra in Figs. 2 and 3 that the higher the 
basicity of the ligand, the stronger is the interference with, or broadening of, the 
visible absorptions of the metal ion. In the chelate compound formed from the most 
basic ligand, acetylacetone, the electronic transitions of the uranyl ion are smeared out 
to such an extent that they are evident only in the generally wavy nature of the absorp- 
tion curve. With successive fluorination these bands sharpen up and are displaced 
toward higher frequencies, probably as a result of lesser alteration of the electronic 
energy levels of the UO, ion by successively weaker ligand fields. The direction of the 
shift is curious and merits future investigation." 

Infra-red spectra. The infra-red spectra of the bidentate ligands have been de- 
scribed in the first paper of this series, while the infra-red spectra of the tetradentate 
ligands have been described in the second. 

In the uranyl chelate spectra there appear strong absorptions in the hydrogen- 
bonded hydroxyl stretch region. These, together with the analyses, serve to identify 
the chelates as hydrates. 

The uranyl chelates of acetylacetone and its fluorinated derivatives are character- 
ized by the absence of the normal carbonyl absorption bands found in the ligands, and 
by the presence of metal-chelated carbonyl bands at much lower frequencies. The 
absorption bands at 1580 cm~' and 1530 cm~ are assigned to chelated carbonyl and 
to C=C stretch in accordance with a similar assignment for the corresponding Cu(I1) 
chelate'”’ and in agreement with the assignments made by Lecompte er a/."*."®) As in 
the Cu(II) chelates there is a considerable increase in the frequency of the carbonyl 
band as the stability of the chelate decreases (i.e., as fluorine is substituted into the 
ligand), while only a slight increase in the C=C stretching frequency occurs with 
fluorine substitution. 

The chelates believed to be molecular association compounds between uranyl 
acetylacetonate and the Schiff bases bisacetylacetoneethylenediimine (compounds IV 
and V of Table 2) show considerable resemblance to the spectra of the separate 
compounds. Some of the bands of the individual substances are shifted or are missing 
in the association compounds. The most noticeable difference is the absence of the 
carbonyl absorptions of the Schiff bases. The absence of these, and a few other bands, 
in the combined spectra is reasonable in view of the molecular interactions which 
must take place between the polar groups of the Schiff bases and the metal chelate. 

All the uranyl chelates show some bands near 950-1000cm~'. We assign part 
of this absorption to OUO stretches. 

R. L. Becrorp and J. MuirHeap. To be published. 


(12) J. Lecompte, Disc. Faraday Soc. No. 9, 125 (1950). 
3) C. Duvat, R. FreymMan and J. Lecomprte, Bull. Soc. Chim. Fr., 106 (1952). 
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REACTIONS OF GROUP Vb CHLORIDES WITH BORON 
TRICHLORIDE AND GALLIUM TRICHLORIDE* 


R. R. HOLMes 
Departments of Chemistry, Carnegie Institute of Technology 
and Purdue University 


(Received 2S March 1959; in revised form 30 June 1959; in final form 13 October 1959) 


Abstract—The complex, PC!,-GaCl,, was prepared. Several new procedures were developed for the 
synthesis of PCI, BCI,, a knowledge of which allows an interpretation to be made concerning its mode 
of formation. The unusual properties exhibited upon sublimation of PCI,-BCI, suggested a reversible 
dissociative process. Similar complexes did not form with chlorides of arsenic and antimony. 


IN 1863 BAUDRIMONT" reported the formation of a white, non-volatile solid having the 
composition, PCI,-AICI,. Later workers after investigating the thermal properties 
of this compound postulated a salt-like structure, consisting of the ions PCl,* and 
AICl,~. A complex of similar composition has been reported“ between phosphorus 
pentachloride and boron trichloride. An investigation of the latter’s electrical 
conductance in liquid phosphorus oxychloride led more recent workers? to postulate 
an ionic structure for it, PCl,* BCI*. The presence of the PCl,* ion has been 


established in solutions of several other complexes as well as in solid phosphorus 
pentachloride” itself. Typical examples are PCI,* PCI,* SbCI,~‘” and 
more recently PCI,’ PF, ‘* and PCl,* 

One might anticipate the formation of the corresponding AsCl,* and SbCI,* ions. 
A review of the literature indicates that the AsCl, ion ts present in PCI,-AsCl,, 
SbCI,AsCl," and AsCl,” AsF,~“? but at least the first two of these complexes are 
thermally unstable. No reports of the SbCI,* ion have been found. 

It was of interest to see if arsenic and antimony would form complexes analogous 
to those of phosphorus. Consequently, the reactions of chlorides of arsenic and 
antimomy with trichlorides of boron, aluminium and gallium were studied. Gallium 
trichloride was included since it might be anticipated to enter into reaction with 
phosphorus pentachloride analogous to the chlorides of boron and aluminium (the 
latter point was also investigated in this study), especially in view of the recently 

* Abstracted in part from a thesis submitted by R. R. Homes in partial fulfillment of the requirements 


the degree of Doctor of Philosophy, the remainder of the work being performed at Carnegie Institute 
Technology 


M. E. Bauprimont, C.R. Acad. Sci., Paris 55, 363 (1863) 
W. Fiscuer and O. Jusermann, Anore. Chem. 235, 337 (1938) 
J. C.R. Acad. Sci., Paris 116, 1521 (1893) 
W. L. Groenevetp and A. P. Zuur, Rec. Trav. Chim. 72, 617 (1953). 
H. M. Power, D. and A. F. Nature, Lond. 145, 149 (1940) 
Ya. A. Fiatxov and A. A. Kuzmenxo, J. Gen. Chem. (U.S.S.R.) 21, 473 (1951). 
V. GuTMANN, Z. Anorg. Chem. 264, 151 (1951) 
L. Kouprrz, Z. Anore. Chem. 284, 144 (1956) 
L. and A. Feirz, 7. Anorge. Chem. 286, 293 (1958) 
V. GUTMANN, Monatsh. 82, 473 (1951) 
L. Kotpitz, Z. Anorg. Chem. 280, 313 (1955) 
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postulated existence of the tetrachlorogallate ion in melts of compounds such as, 


COCI-GaCl," and POCI,-GaCl,."" 
In addition several new procedures were developed for the synthesis of PC1,;-BCI, 


as well as an examination of its thermal behaviour to obtain information concerning 
le of formation of complexes of this type, the latter being chosen to work with 


the mode 


because of experimental difficulties such as solubility and volatility problems 


encountered with both aluminium and gallium trichlorides. 


EXPERIMENTAL 


All materials employed in procedures not utilizing high vacuum equipment were used as supplied 


by the company. Reagents used in vacuum line procedures were purified just prior to performing the 
‘ 


exper nt. The following is a list of the materials so purified 


Phosphorus pentachloride (Merck) was sublimed twice in an all-glass apparatus and stored in 


sealed ampoules 
Antimony pentachloride (General Chemical Co.) was fractionally distilled in an all-glass apparatus, 


the purified product Deing Stored in Sealed ampouies 


Boron trichloride was purified by regenerating it from its nitrobenzene addition compound as 


described in previous work.’** The vapour-pressure at 0° was 474 mm 
The gallium trichloride was part of a sample prepared by the action of hydrogen chloride on 
gall met il nana *lass syvsicm it 200 


Phosphorus trichloride (Baker's Analysed) was fractionated in the vacuum line. The vapour- 


pressure of the purihed sample was 1S: mm at O 
Arsenic trichloride (Baker's Analysed) was subjected to fractionation in the vacuum line, after 


which its vapour-pressure was 10 mm at 26:0 


EXPERIMENTS 


fe System 


mined for the phosphorus penti chloride—boron trichloride 


syste it 0 using an appara previously described The resulting diagram showed no evidence 
for c pound formation and indicated a very low solubility of solid phosphorus pentachloride in 


boron trichloride. These reagents did react 

Procedure A. Reaction of phosphorus pentachloride and boron trichloride in carbon tetrachloride. 
Tank boron trichloride (Matheson) was bubbled through a 4 per cent solution of phosphorus 
ntachloride (4-5 g) in carbon tetrachloride (125 ml). A white precipitate formed which was filtered 
through a sintered-glass crucible, the operation being carried out inside a Berkeley-type gloved box 
filled with a dry nitrogen atmosphere, The product was washed with small portions of dry 


transferred to ampoules and dried by pumping off the remaining liquid. The ampoules 


however, under the following sets of conditions. 


solvent 


were then sealed under vacuu 


Elemental analyses were performed by titrating the hydrolysis products. The Volhard method 
vas used to obtain the chlorine analysis. Titration of phosphoric and boric acids with carbonate-free 
base gave the phosphorus and boron content. (Found P, 9:70: B, 3-38: Cl, 85:3, Cale. for 
PC], BC P, 9-52: B, 3-32; Cl, 87:1%) 

Procedure B. Reaction of phosphorus pentachloride with boron trichloride at elevated temperatures. 


Using the vacuum line, exce boron trichloride (3:55 mmoles) was condensed on phosphorus penta- 
chloride (1-63 mmole) in a glass ampoule having a break tip. After sealing the ampoule from the 
line, a dry-ice cone was plac*d around the upper part ol the ampoule, thus causing the boron tri- 
chloride to reflux. The lower portion of mpoule was heated gently, causing the phosphorus 
pentachloride to sublime through the boron trichloride vapour. The process was repeated several 


times. The ampoule was then opened in the vacuum line via the break tip and the excess boron 


Greenwoono and K. Wape, J. Chem. Soc. 1527 (1956). 
N. N. Graeenwoop and K. Wape,. J. Chem. Soc. 1516 (1957) 
H.C. Brown and R. R. Ho_m J. Amer. Chem. Soc. 78, 2173 (1956). 
H. C. Brown and R. Wor J. Amer. Chem. Soc. 75, 6275 (1953). 


Materials 

Vol. 

14 
Phosphorus pentachloride-boron trichlor'—__ 1960 


Reactions of Group Vb chlorides 18! 


trichloride removed and measured 


It was found that 1-60 mmoles of boron trichloride had reacted 


with 1-63 mmoles of phosphorus pentachloride, corresponding to the formation of PCI,-BCl, 


Procedure C. Chlorination of an equal molar mixture of phosphoru hloride and boron trichloride 


at \ 


ampoule connected to the vacuum line. Then the ampoule was reweighed and connected to a glass, 


1 mixture of boron trichloride and phosphorus trichloride was made up in a weighed 


mercury-free, vacuum apparatus. Excess chlorine was condense the ampoule and reaction 


allowed to take place at s A white solid formed, insoluble in excess chlorine. The excess 


chlorine was transferred to a liquid nitrogen trap and the ampoule removed and reweighed. By this 


method of analysis, the composition of the product was found correspond to a mole ratio of 


PCl, : BCI, : Cl, 10:10:09. However, since this method is not very accurate, it was analysed 
by the method listed under Procedure A for the preparation of PC|,-BCl,. (Found: P,9 11; B, 3-18 
Cl, 872. Cale. for PCI, BCI,: P, 9-52; B, 3-32; Cl, 87-1°4 


Preparation of PC\| 


AICI, 


No new methods were discovered for the preparation of PC], AK in this study. Hence, it was 


prepared by the method previously reported To check the composition aluminium was determined 
(Found Al, 7:70. Cale. 7-89 


gravimetrically as the &-hydroxyquinolate 


Preparation of PC\.GaCl., 


PCI,-GaCl, was prepared by slowly mixing carbon tetrachloride solutions (about 4 per cent) of 


, 


phosphorus pentachloride (1-44 2) and gallium trichloride (1-22 2) together, the reaction being carried 


out unside the drv box A white solid formed. This was filtered through a sintered-glass crucible, 


washed with drv irbon tetrachloride and transferred to ImMpoules The remaining solvent was 


pumped off and the product sealed under vacuum. About 2-25 2 of the product was obtained, 


corresponding to a 94 per cent vield 


The compound was analysed for chlorine content and total cid. The chlorine was determined 
by the Volhard procedure (Found ( 13.2 total acid, YY 6. Cale. for PCI GaCl, Cl, 73-8: 


A sf 


pare 


cnio 


PC|, BCI,, 


trichioride and boron trichloride was chlorinated A miscible system was present 


an equimolar 


it 0 bul on removal of the v« itthe Mate©rial at 8 the amount of irsenic trichloride remained, 


A similar chlorination experiment on a mixture of arsenic trichloride (4-15 mmoles) and gallium 
trichloride (0-950 mmole) resulted in no reaction as evidenced by the con piete recovery of the initial 
amount of gallium trichloride used 

Pressure composition data (Table |) of the antimony pentachioride boron trichloride system at 
120 obtained using an apparatus previously described showed t! the system exhibited positive 
feviations from Raoult’s law mn 3 lists the ideal pressures). No reaction occurred as further 
evidenced by the complete recovery of horon trichloride at ‘ 


The systems of arsenic trichloride with aluminium trichloride and antimony trichloride with the 


various Group Ill trichlorides are known to be immiscible imi were not investigated further. Also 


the systems of aluminium and gallium trichlorides with antimony pentauchioride were found to be 


mmiscible 


of PCL-MCI 


These compounds are white solids. easily hydrolysed by water d insoluble in reagents like 


Pre per fre 


carbon tetrachloride and chloroform. When iltempting to dissolve them in oxveenated solvents like 


acetone, reaction occurs. PCI AICL, melted at 375 379 \ literature value of 343 reported by 


Fiatkov and Bur ppeurs suspiciously low Gat melted at 368-37] while 
PC! BCI, sublimed completels 1 Sculed tube without melting at about 340°, the temperature of 
G. and Bur St Res. 3,91 (1929 
R. R. Howwes. J. Chem. 12, 
"Va. A. and Ya. B. Bi fAud. Nawk. USSR 92, 585 (1953). 
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TABLE 


l ANTIMONY PENTACHLORIDE 


R. R. Ho_mes 


BORON TRICHLORIDE SYSTEM Ar 12:0 


PBC}, (expt! 


Mole fraction 


BCI, 


(calc.)* 


(mm) 


70 0-0504 369 
0-0958 70-1 
170 0-151 110 
219 0-210 154 
271 0-268 196 
0-314 230 
343-0 0-364 266 
172.9 0-407 29R 
402.3 0-447 328 


348 


0-475 


* P (BCI,) at 12-0 733mm 
complete sublimation varying somewhat depending on the pressure developed in the tube during the 
course of the sublimation. P¢ BC was found to be the 

On heating a sample of PC|,-BCI, in a sealed tube to about 
portion in a matter of minutes; while under similar circumstances, the others will require 3-4 hr 


vOlatile of the three 
300 , it sublimes from the heated 


most 


The vapour of PC|,-BC1, in the gas phase in a sealed tube at about 340° is yellow-green, indicating 
dissociation into chlorine, boron trichloride and phosphorus trichloride. On cooling, a white subli- 


mate covers the entire tube and then liquifies, the vapour becoming colourless during this process 


A few 


sudlimation point is observed 


seconds later a white solid again coats the entire tube. On reheating the sample, the same 


DISCUSSION 


The only evidence offered here which might give any indication of the type of 
structure that solid PCI,-GaCl, (formed in this work) possesses is the same type of 
PCI,” AICI, was postulated for solid PCI,-AICI,, 
points of the complexes compared to the much lower melting 
X-ray 
completely lacking and definite conclusions regarding their structure must be 
postponed. Whatever the structure of the series of solids, PCI.-BCI,, PCI,-AICI, and 
PC!.-GaCl,, it 
all be closely related 


evidence upon which the structure 


i.e., Similar high melting 


points of their respective components information for these substances is 


appears likely (as the comparative properties indicate) that they will 


Since arsenic pentachloride does not exist it was hoped to find evidence for a series 
of complexes similar to that formed with phosphorus pentachloride by chlorinating a 
homogeneous mixture of arsenic trichloride and the respective Group III trichloride. 
However, later work* showed that the formation of even small amounts of arsenic 
pentachloride in such a mixture is highly improbable. Thus the fact that negative 
results were obtained in the chlorination experiments is no real evidence against the 
existence of a complex such as AsC1,-BCI, or AsCl,-GaCl,. With antimony, however, 
the results of the antimony pentachloride—boron trichloride experiment indicate more 
definitely that a complex such as SbC1,-BCI, does not exist. 

On considering the preparative methods used to obtain PCI,-BCl,, some peculiari- 
ties arise. For example, it was found that phosphorus pentachloride was insoluble in 
boron trichloride at 0° but would react with it to form PCI,-BCl,, if the phosphorus 


* Unpublished work: phase diagram studies of the system, arsenic trichloride-chlorine, indicate that 


there is no tendency for association of the components 
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pentachloride was sublimed through the boron trichloride vapour, or ifthe components 


were dissolved in a solvent such as carbon tetrachloride and then reacted. Further- 
more, PCI,-BCl, could be prepared by chlorinating a mixture of phosphorus 
trichloride and boron trichloride at —78°, even though the phosphorus trichloride 
does not combine with boron trichloride.“ 


7) 


It may be that phosphorus pentachloride, possessing an ionic lattice, will not react 


with boron trichloride in this form. However. by transforn ng it into the gas phase 


where the structure is in the form of the non-polar trigonal bipyramid, or by dissolving 


it in a solvent in which it has the non-polar form, it will react as observed. In the case 


of the formation of PCI,-BCI, on chlorinating a mixture of phosphorus trichloride 


and boron trichloride, the process must be more complicated. Since phosphorus 


trichloride and boron trichloride do not react but phosphorus trichloride and chlorine 


do, the first step must involve the latter components. Sin solid phosphorus penta- 


chloride will not react with boron trichloride. the latter must enter the chlorination 


process when an intermediate in the reaction of phosphorus trichloride and chlorine 


is formed, i.e., before any solid pentachlonide 1s produced 


It was observed on heating a sample of PCI,-BCI, in a sealed tube to about 340 


that the compound sublimed completely, the vapour being yellow-green, and on 


cooling reformed again, the same sublimation point being observed on repeating the 


process. The colour of the vapour is undoubtedly due to chlorine. If the latter is $0, 


it would indicate that PCI,-BCI, is dissociating reversibly into chlorine, phosphorus 


trichloride and boron trichloride. The above speculation seems reasonable if it is 


2 noted that above 300 phosphorus pentachloride is completely dissociated into the 
, trichloride and chlorine. Hence, its presence 1s not considered tn the dissociation of 
at the higher temperature. FiscHeR and JUBERMANN? noted analogous 


behaviour of PCI,-AICI, in the region from 450 to 640 
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HALOGEN EXCHANGE BETWEEN THORIUM(IV) IODIDE 
AND CARBON(V) CHLORIDE* 


G. W. Watt and S. C. MALHOTRA 
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(Received 24 September 1959) 


Abstract—The reaction between thorium(IV) iodide and carbon (LV) chloride at 100 or 200° has been 
shown to provide a carbon(1V) chloride-insoluble product from which thorium(IV) chloride may be 
separated in high yield. Other reaction products identified include iodine, carbon, and trichloroiodo- 
methane. Studies relating to the composition of the initial carbon(1V) chloride-insoluble product are 
described and possible interpretations of the experimental data are suggested. 


IN connexion with certain experiments concerned with the lower iodides of thorium" 
we Observed that halogen exchange between thorium(IV) iodide and carbon(IV) 
chloride under anhydrous conditions is substantially complete over a period of a few 
days at 100°. This reaction has been investigated in considerable detail and the 
results are given below; particular emphasis was placed upon the use of this reaction 
in the synthesis of pure anhydrous thorium(IV) chloride. 

Other routes to thorium(IV) chloride include direct chlorination of thorium (IV) 
oxide,'?4.4.) oxalate" or carbonate," in the presence of carbon; direct chlorin- 
ation of thorium," thorium hydride and thorium carbide; chlorination of 
thorium(IV) oxide with sulphur(!) chloride and chlorine,"*-® carbonyl chloride,“ 
carbon(IV) chloride’ or phosphorous(V) chloride; and the treatment of thorium 
hydride with hydrogen chloride.” 

Exchange of halogens between carbon(IV) chloride and iodides is well known, e.g. 
with aluminium(II]) iodide,”* calcium(II) iodide 2-hydrate,“"® boron (III) iodide,® 
lithium iodide hydrates," methyl iodide” and ethyl iodide."'*) All of these reactions 
however were studied with a view to the syathesis of carbon (IV) iodide. 


EXPERIMENTAL 


All materials employed in this work were anhydrous reagent grade chemicals. Thorium(1V) 
iodide was prepared in the manner described previously 


* This work was supported in part by the Atomic Energy Commission, Contract AT-(40-1)-1639. 
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Reactions between thorium(IV) iodide and carbon(1V ) chloride at 100° were carried out in sealed 


; standard wall 15 mm ID Pyrex tubes that were degassed under reduced pressure prior to use. For 
7 reactions at 200 tubes having a minimum wall thickness of 2 mm were employed. Sublimations were 
hi carried out in 20 mm ID Vycor tubes that were degassed at 800°; the samples were sublimed at 10-* 


to 10 *mm and volatile products were collected in traps cooled with dry-ice isopropyl! alcohol 
mixtures. Solvent extraction experiments employed a 20 mm Pyrex tube bearing a medium porosity 


fritted glass filter at the mid-point and tapered near each end. One end of the tube was connected to 


a suction filter flask by means of a ground joint: the other end was similarly connected through a 


ball joint to the vessel that contained the organic solvent Samples were placed in the tube in an 


3 atmosphere of helium and the solvent was introduced through the bal nt, by displacement of the 
helium in the tube. Solutions were filtered and solvents evaporated under reduced pressure. Reac- 
tions in liquid ammonia at --78 were carried out in a simple closed glass ipparatus consisting of two 
! Pyrex tubes joined by a capillary tube bearing a medium porosity fritted glass filter 
; In the analysis of samples containing both chlorine and iodine, ionic h ilogen was determined by 
precipitation of the mixed silver halides followed by preferential extraction of silver chloride in 
; aqueous ammonia. Total halogen was determined by a modification of the CHastay procedure''* 
and covalently bonded halogen by difference. lodine in carbon(1V) chloride solutions was determined 
: by titration against standard sodium thiosulphate solutions using starch indicator 


Exchange between thorium(\V) iodide and carbon(1V) chloride 


Known weights of Thi, and CCl, were heated under anhydrous conditions for the periods of 


time given in Table !. The contents of the tubes were agitated frequently during the heating period, 


Taste | HALOGEN-THORIUM RATIOS FOR CARBON(IV) 


CHLORIDE-INSOLUBLE PRODUCTS OF REACTIONS aT 100 


Reaction time 
lonic Cl/Th 


(days) 


at the end of which the tubes were opened and the solution decanted from the insoluble products. 


The latter were washed with C( |, until colourless washings resulted he washings were combined 


with the original solutions. The CCl,-insoluble products were dried in vacuo at room temperature 


and sampled in a dry box 
Ina typical case, 2.940 ¢ of Thi, and 25 mi of CC 1, were heated at 100 for 7 days. The CCl, 
solution was found to contain 0-4835 g of elemental iodine. or 24 per cent of that used as Thi, 


An aliquot of this solution was evaporated to dryness to provide a small solid residue that gave a 
: 


negative test for thorium. The brownish-gray* C( |,-insoluble product (1-5 759 g) did not react to 


form gaseous products when a sample was treated with water or dilute acids. (Found: Th, 58-5: 
ionic Cl, 35-4; covalent Cl, 1-8; 1, trace: HNO,-insoluble. 1-4°.).4 The ionic Cl/Th ratio is 3-96: 
the CCI,-insoluble product accounted for by analysis is 97: per cent. Halogen to thorium ratios and 


related data are given in Table 1: X-ray diffraction data for the CC 1,-insoluble product are given in 
Table 2 together with data for pure ThCl, (vide infra) 


* This appeared to be an intimate mixture of two solids, one of which was light gray in colour and 
present in relatively small quantity 


This fraction was found to contain elemental carbon in an amount corresponding to 0-92 per cent of the 
CCi,-insoluble product. In a series of related experiments, the carbon content of the CCI,-insoluble product 
ranged from 0-70 to 1-0 per cent 


E. Cuasiay, C. R. Acad. Sci., Paris 140, 1272 (1905) 
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TABLE 2.—X-RAY DIFFRACTION DATA FOR THORIUM(TV) CHLORIDE 
AND FOR THE CARBON(IV) CHLORIDE-INSOLUBLE REACTION PRODUCT 


Thorium(IV) chloride | CCl,-insoluble product 
d(A) WI, d(A) Wl, 

5-75 0-55 5-60 1-00 
5-52 0-85 4:26 0-90 
5:25 1-00 3-38 0-70 
4-72 0-30 3:16 0-70 
4-59 0-30 2:79 0-10 
3-53 0-25 2:64 0-90 
3-27 0-35 2:39 0-60 
3-13 0-20 2:24 0-90 
3-02 0-30 2:18 0-90 
2°63 0-65 2-09 0-20 
2:39 0-65 1-87 0-10 
2:32 0:20 1:76 0-40 
2-25 0-25 1-71 0-20 
2:15 0-65 1-66 0:40 

2-09 0-35 1-59 0:40 
0-65 1-40 0-20 

1-95 0-40 1-33 


* These data were obtained using CuKx radiation. a Ni filter, tube 
voltage and current of 35 kV and 15mA, and an exposure time of 6hr 
Samples were diluted 10:1 with starch: relative intensities were 
estimated visually 


Pure thorium(1V) chloride was separated from the CCl,-insoluble product by sublimation under 
reduced pressure. Liberation of iodine was observed at ca. 200°. sublimation of white ThCl, began 
at ca. 450° but most of this product was collected over the range 600-800°. A small black non- 
volatile residue remained at 800°: this was separated from the white sublimate in a dry box and both 
fractions were sampled for analysis 

In a representative experiment, 0-2173 g of the CCl,-insoluble product yielded 2-76 mg (1-27 per 
cent) of elemental iodine, and 0-1955 g of pure ThCl,. or 90 per cent of the sample used. (Found: 
Th, 62:3; Cl, 38-0; Cl/Th, 3-99. Calc. for The 1,4: Th, 62-1; Cl, 37-9%). Most of the samples of the 
white sublimate gave X-ray diffraction data identical with those listed in Table 2 for ThCl, and 
which are in good agreement with the data of Mooney.‘ However, in some independent experi- 
ments carried out under apparently identical conditions the white sublimates gave X-ray diffraction 
patterns identical with that for the original CC1,-insoluble product (Table 2), despite the fact that the 
Cl/Th ratios for these products were substantially 4:1. The black non-volatile residue (8 mg or 
3-7 per cent of the sample used in the sublimation) gave an X-ray diffraction pattern which was iden- 
tical with that for thorium(IV) oxide and included no extraneous lines (Found: C, 15-3; ThO,, 
847%). Extraction of the black residue with dilute nitric acid yielded a solution that did not contain 
either thorium or chlorine; the same results were obtained following treatment of the residue with 
sodium in liquid ammonia at —33-5°. Qualitative tests for halogens were also negative after fusion of 
the residue with sodium and potassium carbonates followed by extraction with dilute nitric acid 

A sample of the CCl,-insoluble product was heated at 200° for 2 hr at 10-* mm and thereafter 
gave an X-ray diffraction pattern that provided the following data (relative intensities in parentheses): 
d(A) = 6-27 (1-00), 5-65 (0-50). 3-16 (0 30), 2-92 (0-30), 2:39 (0-10), 2-07 (0-10) However, after this 
sample was heated similarly at 250-260", it gave an X-ray diffraction pattern that was in all details 
identical with that for pure thorium(IV) chloride (Table 2) except for a single intense line (d = 6-27 A). 

In related experiments that were otherwise identical with those described above, the reaction 
between Thi, and CCl, was carried out at 200°. The X-ray diffraction pattern for the resulting 


') R. C. L. Mooney, Acta Cryst. 2, 189 (1949) 
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CCl,-insoluble product gave data substantially identical with those given above for the CCl,-in- 
soluble product that was formed at 100° and subsequently heated in vacuo at 200°. (Found: C, 
0-85°,; Cl/Th, 3-94) 

The carbon(IV) chloride solutions from which the foregoing products were separated, together 
with the CCl, washings of the insoluble products were distilled under reduced pressure and the 
volatile products were separated into four fractions by collection in ice-water and dry ice-isopropyl 
alcohol traps. The absorption spectra of ali fractions were examined over the ranges permitted by 
the equipment available. The still residue consisted of a small quantity of brown gummy material 
that did not contain either Th or Cl and a CCI, solution thereof did not exhibit absorption over the 
range 270-1100 mu. All four of the volatile fractions exhibited strong absorption bands at 519 and 
323 mu. In the infra-red region, maxima at 5-53, 11-85 and 14-5 « were observed. 


Extraction of the carbon(\V ) chloride-insoluble product with ethanol 


In preliminary experiments, of which the following is typical, 0 2550 g of high purity ThCl, was 
dissolved in 20 ml of anhydrous ethanol. The resulting solution was separated from traces of ethanol- 
insoluble material, the filtrate was evaporated at 10 * mm, dried for 1-5 days, and the residual white 
solid was sampled in the dry box. (Found: Th, 42:1; Cl, 25-3: C. 16-6: H.430: Th: Cl: C,H,OH, 
1-0 : 3-9: 3-8. Calc. for ThCl,4C,H,OH: Th, 41-6; Cl, 25-5: C, 17-2: H.4 30°,). X-ray diffrac- 
tion data for this product are given in Table 3 


TABLE 3. X-RAY DIFFRACTION DATA FoR ThCl, 4C,H,OH* 


dt A) di A) 


8-6] 1-00 3-99 0-10 
635 
5:10 
4:72 


* See footnote t Table 2 


Similarly, a 0-1777 g sample of the CC1,-insoluble product formed at 100 was treated with 20 mi 
of ethano The solid recovered from the ethanol solution was yellow-brown in colour and was 
found to contain 2:7", HNO,-insoluble material. (Found: Th, 43-2: Cl. 24:1: C. 14-6: | ep 
Th : Cl : C,H,OH, 1-0 : 3-7 : 3-3). X ray diffraction data for this product were identical with those 
given in Table 3 and included no extraneous lines. The very small ethanol-insoluble fraction consisted 
primarily of elemental carbon and contained traces of Th and C! 

When the CCl,-insoluble product formed at 200 was treated as described above the Th : Cl : C, 
HOH ratio found for the ethanol-soluble product was 10:36:25 and the X-ray diffraction 
pattern for this product was characteristic of ThCl,4C,.H,OH 

It is noted above that in some instances separation of pure ThCl, by sublimation from CC1,- 
insoluble products formed at 100 yielded a white sublimate for which Th : Cl 1-0 : 4-0 but which 
gave an X-ray diffraction pattern characteristic not of pure ThC!, but rather of the initial CC l,- 
insoluble product. When a sample of such a product was treated with ethanol, the white solid re- 
covered from the ethanol solution gave Th : Cl : C,H,OH ratios of 1-0 : 3-8 : 3-3 and an X-ray 
diffraction pattern exclusively characteristic of ThCl,4C,H.OH 


Behaviour of the carbon(\V) chloride-insoluble product toward liquid ammonia at —78 


The CCl,-insoluble product reacted with anhydrous liquid ammonia at —78° without evolution 
of water-insoluble gases to provide a light gray and apparently amorphous ammonia-insoluble solid 
that contained Th, Cl and N but was not of reproducible composition. Evaporation of the solvent 
Irom the ammonia-soluble fraction yielded a yellow-gray solid which gave an X-ray diffraction 
pattern that provided an identification of NH,Cl and NH,l only. (Found: Th, 13-3; Cl, 53-9; 
[, 2:3; NH,*, 27°S% 

When a sample of pure ThCl, was treated with anhydrous ammonia under the same conditions, 
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the resulting ammonia-soluble product did not give an X ray diffraction pattern characteristic of 
ammonium chloride 


Photochemical liberation of iodine from thoriumt\V) iodide in the presence of carbont(|V) chloride 


Observations made during the course of the preceding experiments Suggested that the reaction 
between TH Il, and CC ly might be phot chemically induced and/or catalysed Accordingly a few 
experiments were conducted with a view to determining whether the reaction occurs in the absence 
Mf light and the extent to which the rate of liberation of elemental iodine is dependent upon illumina- 
tion. In view of the essentially hete rogeneous nature of the system involved reproducible rate data 


were neither anticipated nor realize ] 


Samples of pure Thi, of the order of 100-150 mg in 10 ml of CC |, were vigorously agitated with 


ignetic stirrer in closed containers for 45 min at 27 | in the dark, in ultra-violet light provided 
by the nydrogen discharge lamp from a model DI spectrophotometer, and in direct sunlight. The 
elemental iodine liberated was measured, following filtration. by titration with standard sodium thio- 
sulphate solution. For these three conditions of illumination, |, liberated (g 10*)/g Thl, amounted 
to ca. 10, 25 and 60 respectively 


DISCUSSION 
The results reported above show that the reaction between Thl , and CCI, proceeds 
at a measurable rate in the absence of light at room temperature and that the rate of 
liberation of elemental iodine is enhanced by ultra-violet light or direct sunlight. 
Although there are n any possible reactions that can be suggested to account for part 


or all of the free iodine found, some reaction of the type 
Thi, Thi, | (la) 
I, (Ib) 


must be invoked to account for iodine that cannot be attributed to other processes. 


The observed products otherwise can be accounted for by the reactions, 


Thi, CCl, -+ ThCl, + Cl, (2a) 
C + (2b) 
Thi, + 4CCl, ThCl, + 4CCI,I (3) 


Of the iodine used as Thl,, 24 per cent was present as elemental iodine at the end of 
the reaction and the remainder was present in combined form either in solution or 
adsorbed, or otherwise incorporated, in the CC1,-insoluble product. It is also evident, 
from the quantities of elemental carbon in the insoluble product and the total free 
iodine in solution, that ca. 78 per cent of the elemental iodine resulted from reaction 
(2); hence, the remainder must arise from reactions of the type represented by (1). 
The data also indicate that about 19 per cent of the ThI, reacted in accordance with 
(2a). 

Elemental carbon remaining following sublimation of the CCI,-insoluble product 
accounts for 62 per cent of the total carbon present in that product. The remainder 
a must be attributed to adsorbed or occluded volatile halogenated carbon compounds, a 
wide variety of which is possible under the prevailing experimental conditions. 
Although efforts were made to distinguish between ionic and covalently bonded 
halogens in these products, not too much significance can be attached to these data 
in view of the relatively small quantities of carbon compounds present. Related 
efforts to identify carbon compounds in the CCl, solutions on the basis of their 
absorption spectra were also only partially successful. The band at 519 mu 1s clearly 
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attributable to iodine") and that at 323 mu to trichloroiodomethane ‘2’ W 


been unable to correlate the absorption bands in the infra-red with any k: 
compounds. * 


> have 
carbon 


Reaction (2a) is of course Subject to the criticism that pure ThCl, is not necessarily 
present as such in the initial CC l,-insoluble products. The latter gave Cl : Th ratios 
that ranged from 3-85 to 3-96. The corresponding X-ray diffraction patterns were all 
closely similar but not characteristic of ThCl,. Although most of the C¢ I ,-insoluble 
product was accounted for by ThCl, separated by s iblimation, this pro 
some instances provided a sublimate that corresponded analytically t 


cedure in 


» ThCl, but 
gave an X-ray diffraction pattern closely similar to those for the unsub med CC},- 


insoluble material. In view of the data presented above, the Possibility of initial 


formation of a distorted ThCl, lattice is unattractiy the possibility of an enantio- 
i 


morph is by no means eliminated. That the CC l,-insoluble pri 


product does not consist 
of ThCl, is further substantiated by the ammonolysis experiments. The present 
results confirm the report by Fow tes and POLLARD" that The immonolysed 
by liquid ammonia at 36. The foregoing results however show that the CCI, 


insoluble product ammonolyses extensively even at — 78°. Finally, the presence of 
ThO, in the sublimation residues must be attributed to attack of th iss Container 


by the ThCl, at the elevated temperatures employed (i.¢., up to 800 
Efforts to gain additional information relative to the composition of the C( l.- 


insoluble product by selective extraction with ethanol led only to the identification of 
ThCl,4C,H.OH. This product is apparently identical with that reported earlier.‘ 
The composition of the products isolated js Strongly suggestive of at least a partial 
solvolysis, 


ThCl, «C,H,OH — ThCl,, .(C,H.O). — (4) 


in a manner strictly analogous to the solvolysis of the chlorides of zirconium (IV) 

and hafnium (1V) by methanol.’ The compound ThC!,4C,H,OH was however a 

component of all of the reaction products isolated from the ethanol solutions. Thus 

it must be concluded that the species that reacts solvolytically in the sense of equation 

(4) must not be pure ThCl, but rather its precursor, just as in the sublimation process 


experiments not reported here. use of gas chromatograp ttcd efforts 


compounds of carbon in the (( » SOluLIONS led to negative results 


L. Hock and W. Knauer. 7. Ap rg. Chem. 228, 209 (1936) 

R. N. Haszetoine, J. Chem. So 1764 (1953) 

E. D. Eastman and A. STICKLAND, US A F¢ TID-$223, 
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THE PREPARATION OF STIBINE AND THE 
MEASUREMENT OF ITS VAPOUR PRESSURE* 


L. Berka,** T. BricGs,t M. MILLARD? and W. JoLLy 


Deparin en f Chemistry and Lawrence Radiation Laboratory, 


University of California, Berkeley 


t 1959; in revised form 1 October 1959) 


Abstract— By the addition of xeous hydroborate to solutions of antimony trichloride, stibine has 
been obtained in 25 per cent y i (based on hydroborate). The vapour pressure of stibine has been 


250 K and the data have been subjected to a thermo- 


THE PREPARATION OF STIBINI 


XPLORATORY study of the reduction of aqueous antimony( I11) solutions by large 
sucous hydroborate, KRAMER§ was able to convert as much as 10 per 


aud 


IN ANI 


excesses Ol 


cent of the antimony to stibine. Since we wished to explore the practicality of prepar- 


ing relatively large quantities of stibine by this reaction, we sought experimental 
conditions for which the percentage yield of stibine base don the hydroborate consumed 


was a maximum. Good yields of stannane™’ and germane“ have been obtained by 


adding hvdroborate to solutions of tin( Il) and germanium(LV) containing chloride or 


bromide. Similarly. we added hydroborate to solutions of antimony trichloride con- 
taining sufficient hydrochloric acid and sodium chloride to prevent the precipitation 


of basic antimony chlorides 
In these solutions the antimony was presumably present as some complex"? such as 


SbCI,~; we therefore write, for the stibine-producing reaction, the following equation: 


3BH,- + 4SbCl,- + 9H,O-—+ 3H, BO, + 4SbH, + 9H* + (1) 


We tried to minimize the various side reactions such as the hydrolysis of hydroborate 


to molecular hydrogen and the reactions leading to metallic antimony A number of 
experimental conditions were systematically varied in an attempt to find the optimum 


conditions for the synthesis. The more significant observations are discussed in the 


following four paragraphs 


* This research was sponsor part by the U.S. Atomic Energy Commission 
** Most of t paper is from the Master's thesis of L. Berka The reader ts referred to this publication 
j 1 en rimenta ita \ t for $1.50 from The Office of Technical Services, U.S. Depart 


Wor rformed tla n of the Bachelor of nce Degree, University of Calilornia 
( W. ScHaerrer, added sodium hydroborate (in twenty-nine-fold 
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(1) The yield was markedly improved by vigorously flushing the reaction vessel 
with hydrogen during the addition of the hydroborate. Presumably the hydrogen 
served to quickly remove the stibine from the antimony(II1) solution, thus preventing 
its Oxidation to antimony metal: 


SbH, + SbCI,~—+ 2Sb + 3H* + 4¢1 (2) 


(2) When the reaction vessel was vigorously flushed with hydrogen, the yield of 
stibine increased with increasing concentration of antimony(III). This result may be 
explained in terms of the competition of the hydrogen ion and antimony(II1) for the 
hydroborate ion. Without hydrogen flushing, the yield of stibine decreased with 
increasing concentration of antimony(III). Reaction (2) probably accounts for this 
result. 

(3) The hydrolysis of hydroborate is known to be first order in hydrogen ion 
concentration,” and so one might expect better yields of stibine at lower concentra- 
tions of hydrochloric acid. This conclusion is in agreement with our findings over the 
concentration range 0-5-4-0 M, but we were unable to reduce the hydrogen ion 
concentration below 0-5 M without causing basic antimony chlorides to precipitate. 

(4) In one experiment, the acidic antimony(II1) solution was added to the hydro- 
borate solution. As one might expect, the yield on the basis of antimony was fairly 
high (30 per cent), but the yield on the basis of hydroborate was low (7 per cent). 

Under our best experimental conditions (see Experimental), we were able to 
obtain stibine in yields around 25 per cent of that theoretically obtainable from the 
hydroborate consumed. * 


VAPOUR PRESSURE MEASURI MENTS 


All of our stibine samples had similar vapour pressures which differed by at least 
10 per cent from the literature values. Even a rigorous scheme of physical and 
chemical methods of purification failed to reduce the discrepancy. Therefore, in 
addition to the synthetic investigation, we spent considerable time measuring what we 
believe to be a more accurate set of Vapour pressures. 

Two types of measurements attest the purity of our samples of stibine. The first 
and last fractions from trap-to-trap distillations had vapour pressures which agreed 
within 0-4 per cent. And, when samples were decomposed to the elements, 100 + 
0-2 per cent of the theoretical amount of hydrogen was found. On the other hand. 
our observed melting point, 178-9 + 0-3°K (obtained with two samples by two dif- 
ferent methods), is distinctly lower than the Previously reported values, 181-7°,* 
185° and 183-2°K."? We have no explanation for the discrepancy. 

We wished to express our vapour pressure data in terms of a thermodynamically 
significant equation of the type 


AF’ = AH,° — AC,°T in T + IT (3) 
where AF* is the free energy of vaporization, AC,” is the change in heat capacity on 


* In a very recent Investigation (to be published), yields of 50 per cent have been obtained by adding 
an alkaline solution of antimonate and hydroborate to aqueous acid 


) R. L. Pecsox, J. Amer. Chem Soc. 75, 2863 (1953). 
”) A. A. Durrant, T. G. Pearson and P. L. Rosinson, J. Chem. Soc. 730 (1934) 
OLszewski, Monatsh Chem. 7, 371 (1886) 

A. Stock and W Donut, Ber. Dtsch. Chem. Ges. 38, 227 


0 (1902). 
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vaporization, and AH, and / are empirical constants. Hence, it was necessary that 
we convert our vapour pressures into vapour fugacities. For this purpose we adapted 
an equation given by BREwerR and Searcy” which permits one to estimate the ratio 
of fugacity to pressure for a vapour near its condensation point:* 


f/P — 1 — [(7-787,/T) — 1] (4) 


Here / and P are the fugacity and pressure, respectively, in atmospheres, V, 1s the 
molar volume of the condensed liquid in millilitres, 7, is the boiling point in “K and 


T is the temperature in “K. For a vapour in equilibrium with its liquid, changes in P 


are much greater than the corresponding changes in either V, or 7. Hence, by using 
average values for V’, and 7 (56 mi and 243 K), we were able to simplify equation 
(4) to 


0-026P (5) 


Since the quantity 0-026P was always much less than unity, we were justified in 


writing the more useful relation 


0-026P (6) 


In P 


In 


By extrapolating the heat capacity data for phosphine’ and arsine,'’ we estimated 
AC p 6-2 cal degree ' mole ' for stibine. The constants AH, and / were evalu- 
ated by a least-squares treatment of our data. The pertinent equations are given 


below. 


Al 6619-2 6-27 In 7 60-28T (cal mole‘) 


log P 1-48 « 10°°P 1446-34/T — 3-1200 log T + 16-0522 (8) 


(9) 


(cal mole 


\S 54-08 — 6-2 In T (cal degree! mole ') (10) 


We calculate a boiling point of 254-8 K and a Trouton’s constant (AH~/T,) of 19-8. 


EXPERIMENTAI 


Synthesis 


Yields between 20 and 30 per cent (based on hydroborate) were obtained by the following proce- 


dure. A solution which was 1-0 M in SbC1,, 0-5 M in HCl and 3-5 M in NaCl was placed in a three- 
neck round-bottomed flask equipped with a magnetic stirrer, a hydrogen inlet tube (dipping beneath 
the solution), a pressure-equalized dropping funnel and an outlet tube with a dry-ice cold finger. The 
flask was immersed in an ice-bath. TI yutlet tube led, successively, to a dry-ice trap, an efficient 


liquid nitrogen trap, and a mercury bubbler. While stirring, and with a vigorous stream of hydrogen 
passing through the apparatus, a solution which was 0-5 M in KBH, and 0-01 M in KOH was slowly 
added through the dropping funnel. No more than about 200 ml of hydroborate solution should be 


I 


added for every 100 mi of antimonyilIIIl) solution. since further addition of hydroborate causes 


negligible stibine evolution. It is important that the hydroborate solution be added slowly (about 


of hydrogen be maintained (about 750 ml/min), or stibine may condense 


3 ml/min) and that a fast flow 


* Srock and GUTTMANN reported a molar volume for stibine gas of 23,530 ml at 288-2 K and 
754 mm pressure. Using this datun ec we known relation //P Pi e/RT. we calculate //P 0-987 
By assuming that } 59-4 ml and that 7 255 K, we calculate from equation (4) that //P 0-981 for 
the same temperature and pressure The agreement of these two methods gives us confidence in equation (4). 


L. Brewer and A. W. Searcy. J. Chem. Educ. 26, 548 (1949) 
A. Stock and O. GuTIMANN, Ber. Disch. Chem. Ges. 37, 885 (1904) 


*'C. C. STEPHENSON and W. F. Giave J. Chem. Phys. §, 149 (1937) 
H. SHERMAN and W. F. Gia e, J. Amer. Chem. Soc. 77, 2154 (1955) 
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in the dry-ice trap. Alternatively, the reaction may be run under reduced pressure or a warmer trap 
may be used. We found it expedient to partially fill our liquid nitrogen-cooled trap with glass beads 
in order to efficiently trap out the stibine 

Essentially continuous operation of this Process was made possible by providing the reaction 
vessel with an inlet for fresh antimony(II1) solution and an outlet for spent solution. Experiments 
with this type apparatus showed that practically unlimited amounts of stibine could be prepared 
without interruption 

Before measuring the yields of our stibine preparations, the samples were distilled through a dry- 
ice trap in vacuo 


Purification 


The stibine was allowed to distill slowly into three traps in series, Maintained at —95 ', —126 
and 196. The small amount of material (about 10 per cent of the total) which collected in the 
95 and — 196° traps was discarded. The remaining stibine was presumably free of impurities such 
as water, carbon dioxide and hydrogen chloride. In fact, we recommend the preceding purification 
scheme as adequate for most purposes. However, to make doubly sure that we had removed all 
traces of acidic impurities, we mixed the stibine with a smal! imount of pure liquid ammonia in a 
trap at - 78. While holding the trap at —-78 , the mixture was connected to the pump through a 
trap Containing magnesium perchlorate at 0 and a liquid nitrogen trap. The stibine which collected 
in the liquid nitrogen trap was then held at — 64 and fractionally distilled by allowing the vapour to 
diffuse slowly through a partially opened cock to a trap cooled to --196. The vapour pressures of 
the first and last 10 per cent of distillate were then measured at the temperature of melting chloroform 
In two such experiments these pressures differed by less than 0-4 per cent. The middle 80 per cent 
of the distillate was used for analysis, melting point measurements. and vapour pressure measurements, 
When stibine at pressures greater than two-thirds of an itmosphere is heated, it decomposes 
explosively into the elements. Two samples (measured by weight) gave 99-90 and 99-85 per cent of 
the theoretical amount of hydrogen 
Two procedures were used for determining the triple point temperature. One was the standard 
procedure described by Stock.''" The other involved determining the triple-point pressure by 
following the pressure of a sample as it was slowly warmed up through its triple-point temperature 
The triple point temperature was then calculated from the triple-point pressure by means of equation 
(8). Five determinations by these procedures gave triple pout temperatures which fell within the 
range 178-6-179-0 K 


TABLE 1.—THE VAPOUR PRESSURE OF STIBINE 


Ti K) Observed vapour pressure (mm) alc. vapour pressure (mm) 


Sample A Sample B Average 

250-18 621-1 621-7 621-4 627°'8 
227-66 223-3 223-5 223-4 222:7 
221-73 164-2 164-2 163-2 
209-21 80-3 80-1 80-2 79-4 
194-70 30-4 30-4 30-3 
192-49 25-4 25-4 25-8 
187-83 18-2 17:8 18-0 18-1 
77-87 8-4* 7-9* 8-2° 


* Solid stibine. 


Vapour pressures 


The vapour pressures of two different samples of stibine were determined at the temperatures 
provided by the following cold baths: carbon tetrachloride slush liquid ammonia, chlorobenzene 


") A. Stock, Hydrides of Boron and Silicon pp. 183-4. Cornell University Press, Ithaca, New York (1933). 
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slush, chloroform slush, dry-ice—acetone, ethy! acetate slush, and toluene slush. Temperatures were 
determined by measuring the vapour pressures of sulphur dioxide, ammonia and carbon dioxide 
were corrected to the temperature scale where O (€ 


The literature Vapour pressure equations 
273-15 K. Measurements were made with a calibrated cathetometer 


for differences in the height of the mercury menisci, for the difference in the density of mercury 


The raw data were corrected 


between room temperature and 0 C, and for the local gravitational constant When necessary, 


corrections were made for the presence of hydrogen due to stibine decomposition. The measured 


vapour pressures and the vapour pressures calculated from equation (8) are given in Table | 
For routine vapour pressure checks, we recommend a chloroform or chlorobenzene slush, for 
which the uncorrected vapour pressures are approximately 81 mm or 224 mm, respectively 
145) For SO W. F. Giavr a C. SrepHenson, J. Amer. ¢ 60, 1389 (1938); for NH, 
ARMSTRONG, A Critical Review of the Liter Relating t ipour Pressure of Ammonia and 


a. N.B.S. Report No. 2626; for gue and C. J. Euan, J. Chem. 
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Abstract - The new compound, dimethylenetetraborane, C,H,B,H.. has been prepared in 70 per cent 


vields by the reaction of cthylene with tetraborane. Chemical and physical evidence indicate that it 


has a cyclic bridged structure which is unique in borane chemistry 


[Ht reaction of diborane with ethylene has been examined in detail." However, 
since no study has been reported dealing with the reaction of unsaturated hydro- 
carbons with higher boron hydrides, it appeared of interest to explore the reaction of 
ethylene with tetraborane. 

EXPERIMIENTAI 


Materials and apparatus 


The tetraborane was prepared and purified according to the method described by KLEIN er al."? 


The ethylene (Ohi » Chemical Company, U.S P.) was purified hy listillation from a — 78 € trap 
through a 126° trap to remove less volatile material. The distillate was then distilled through 
a 196 trap with pumping to remove more volatile impurities The resulting condensate was 
tensiometrically homogeneous, exerting a vapour pressure of 459 mm at 112 Infra-red exami- 


nation also confirmed the purity of thers material 


All of the preparations, purifications, and analyses were carried out in a conventional high 
vacuum line * (10° mm) whenever possible The hot-cold tubs ictor (volume 400 ml) has 


been described previously . The spectra were taken on a Perk Elmer Model 21! infra-red spec- 


trometer using sodium chloride or lithium fluoride optic A 10¢ vas cell filled to about 35 mm 


pressure was found to give the best results 


Preparation and purification of dimethylenetetraborane 


The first attempts to induce a reaction between cthylene and tetraborane involved the rapid 
distillation of a mixture of the two gases thr *h a heated r r. No reaction occurred up to 
100 either in the presence or absence of aluminium cl rice \ w dist ition of tetraborane 
through a 220 mm atmosphere of ethylene in the reactor produced a small amount of an exceedingly 
unstable product. A number of static experiments in wi ethy ind tetraborane were sealed in 
bombs at up to 30 lb in * at room temperature also produced little reaction and no alkylated tetra- 
boranes 

In all of these early experiments the reaction seemed to occur only under conditions in which 
the tetraborane decomposed. This, coupled with the fact that the alk ylated product appeared to be 
more unstable than tetraborane. suggested that a hot-cold react could be used to carry out the 
reaction. The reaction conditions were varied in an attempt to define the optimum conditions for 


D. T. Hurp. J. Amer. Chem. Soc. 70, 2053 (1948) 
\. T. Wuatcey and R. N. Pease. J. Amer. Chem. Soc. 76, 835 (1954 

M. J. Bo C. Hareison and I. Soromos, J. Amer. Chem. 80. 4149 (1958) 
Manipulation of Volatile Compou John Wilev. New York (1948). 
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the preparation. These data are summarized in Table |. The first ten experiments were carried out 


using aluminium chloride as a catalyst, because it has been suggested'’’ that this type of reaction 


proceeds by a mechanism similar to one favoured for Friedel-Crafts polymerizations Comparison 
of runs (10) and (11) illustrates this effect. Under identical conditions, more product was produced 


in 60 min with the catalyst than in 90 min without it 


ETHYLENE-TETRABORANE REACTION IN HOT-—COLD TURE REACTOR 


| 
Temperature ( C) 


Run T C.H,B,H, 


produced (ml) 
Hot tube Cold tube 


23 7-0 
78 
33 §.§ 
23 40 
w 18 


The optimum temperature conditions for the laboratory preparation of dimethylenetetraborane 
as obtained from this study, are hot temperature 100) and cold temperature 0 As can be 


seen from Table |. lowering either of these temperatures reduces the conversion. while raising them 


results in extensive decomposition of the product. In every case. the reaction was accompanied by a 


press ire decrease which was followed by i pressure increase The best vields were obtained when 


the reaction was stopped ifter it reached a minimum pressure The reaction times of the last eight 


runs were determined by this factor. This observation can be explained by the fact that initially the 


reactor contains liquid tetraborane at 0 The total pressure ts therefore the vapour pressure of 


tetraborane (388 mm) plus the ethylene pressure 


As the reaction proceeds, the ethylene is consumed and one mole of hydrogen ts evolved. This 


would not result in a net change in pressure. However. the product, which has a vapour pressure 


of 14-5 mm at O . is forming and dissolving in the tetraborane, and this would tend to lower the total 


pressure in the system. As subsequent hydrogen-producing decomposition reactions begin to take 


place. this effect would soon be overcome and the total pressure would start to rise. The variation of 


initial pressure, Table |, represents a variation in ethylene pressure and it 1s seen that the conversion 


is directly related to the initial pressure. The use of the aluminium chloride catalyst was discontinued 


in the last five experiments, since the increase in conversion did not appear to justify the handling 
difficulties 

The following procedure was most convenient and gave the best results. A liquid nitrogen bath 
was placed on the outer tube. and the reactants, about 480 ml of tetraborane and 130 ml of ethylene, 


5) F. G. A. Stone and W. A. G. Granam, Chem. & Ind. 1181 (1955). 


= 
| 
HCR-] 550 60 60-70 
HCR-2 $05 120 60-70 
HC R-3 | 490 i 60 70 | 
HCR-4 | 470 48 60-70 
| 
HCR-§ | 540 60 | 60 70 
HCR-6 530 | 90 60 70 0 4-4 
HCR- | S10 | 60 70 0 3.79 
HCR-& | 4495 60 60 70 0 13-7 
HCR-9 $25 60 60-70 0 
HCR-10 550 60 | 60-70 0 
HCR-I1* 550 (0-70) 0 97-4 
( }>* <*% or | 
HCR 60-70 0 | 78-8 
HCR-13 | 610 100 0 74-0 
R.14* ’ 
HCR 700 | 40 100 0 80-5 
HCR-] 00 160° | 100 0 758 Vol. 
| | | | 
AICI. « 1960 
H moved ut 30 n tervals 
tour 40 min runs identical to HCR-14 
rw tt rur vas 148 mi. The total amount of 
is 103-1 a! yield of 70 per cent 
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were distilled into the reactor. The reactor was then shut off from the vacuum line, the liquid nitrogen 
bath was replaced with a 0° bath, and the reactor was brought up to pressure. The inner tube was 
filled with ethylene glycol, and this bath was heated to 100° with a knife heater to initiate the reaction. 
As mentioned earlier, the pressure begins to fall within a few minutes. When the pressure reached a 
minimum, the reaction was stopped by replacing the ice-bath with a liquid nitrogen-bath and draining 
the hot glycol from the inner tube. 

The products were then distilled into the vacuum line through a — 126 bath. This distillate was 
unreacted ethylene and contained only traces of diborane. The condensate was then distilled through 
a —90° bath to remove the bulk of the unreacted tetraborane. The last traces of tetraborane were 
removed by repeated distillations through a —63 bath. The condensate from this distillation was 
then freed of any less volatile material by distillation through a —23 bath. A repeat of the 63 
distillation on the distillate then produced a condensate which was tensiometrically homogeneous, 
exerting a vapour pressure of 145mm at 0°. The pure product was a clear liquid which did not 
freeze at — 78°. At lower temperatures it formed a glass which did not melt reproducibly 


Product analysis 


A 15-3 ml sample of the purified product exerted a pressure of 36mm in a 352 mi standard 
volume at 25°, and weighed 0-0541 g, thus indicating a molecular weight of 79:2 compared to 79-3 
calculated for C,H,B,H,. A 15-3 ml sample of the product was treated with a water—dioxane mixture 
and the resulting solution was oxidized with 30 per cent hydrogen peroxide and titrated. A total 
of 2:675 milliequivalents (meq) of boric acid was found indicating 3-8 boron atoms per molecule. 
Another sample of the product, 36°5 ml, was hydrolysed and oxidized in a similar manner The 
resulting solution was then cooled and treated with sodium borohydride to remove any excess 
hydrogen peroxide. This latter step was necessary because hydrogen peroxide interferes with the 
fuchsin aldehyde test'*’ for ethylene glycol. The solution yielded a positive test, while solutions 
obtained from the similar treatment of triethylboron and the various ethyldiboranes yielded negative 
tests. A 10-8 mi sample of the product was treated with excess methanol. The amount of hydrogen 
formed was 100-3 ml, indicating a ratio of 9-3, compared with the expected 9-0, equation (1). 

C,H,B,H, + 10CH,OH — (CH,O),BCH,B(OCH,), + 9H, (1) 

Distillation of the product of this reaction through a 30° trap produced a condensate which 
exerted a vapour pressure of 2 mm at 28:5. A sample of this material was hydrolysed, oxidized, and 
titrated for boron. A value of 13-9 per cent boron was found, compared to 12:4 per cent calculated 
for (CH,O),BCH,CH,B(OCH;,), 

DISCUSSION 

The experimental evidence indicated that a mono-alkylated derivative of tetra- 
borane had been formed. The infra-red spectrum of the product is given in Fig. 1. 
Except for the appearance of bands due to C—H and B—C bonds, the spectrum is 
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Fic. 1.—Infra-red spectrum of dimethylenetetraborane. 


(*) F. Feiot, Spot Tests Vol. Ul. Elsevier, New York (1954). 
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very similar to that of tetraborane.” Substitution is evidenced by the shift of B—H— 
B absorption from 4-71 to 4-65u and the B—H doublet shift from 3-93 and 4-06u, 
to 3-92 and 4-00u. The most striking difference between the spectrum shown in Fig. | 
and that of tetraborane is the complete lack of absorption in the 8-9 region in the 
former. Diborane, its monsubstituted and unsymmetrical disubstituted derivatives 
and pentaborane-11 also exhibit strong peaks in this region,“*’ while other substituted 


(a) 
TE TRABORANE 


BRIDGED DIMETHYLENETETRABORANE 


GEOMETRICAL REPRESENTATION 
OF DIMETHYLENETETRABORANE 


Fic. 2.—Structure of tetraborane and dimethylenetetraborane. 


diboranes, pentaborane-9, and decaborane do not.’ All of these observations can 
be explained by assigning the absorption in this region to BH, groups. KELLER and 
Jounston"® had previously indicated that this could be expected. This was an 
indication that there were no BH, groups in the product. The B—H doublet near 4u 
has also been ascribed to the BH, group” and becomes a singlet when only B—H 
bonds are present. It is believed that the small indication of a doublet in Fig. | is due 
to the two different kinds of B—H bonds in the substituted molecule, because all of 
the other evidence supports a bridged structure containing no BH, groups. 

') L. V. McCarty, G. C. Smirn, and R. S. McDONALD, Analyt. Chem. 26, 1027 (1954). 

'*) I. J. Sotomon, M. J. Kiem, and K. Hattori, J. Amer. Chem. Soc. 80, 4520 (1958) 


*) W. E. Kerrier and H. L. Jonnston, J. Chem. Phys. 20, 1749 (1952) 
SHapio, C. O. WiLson and W. J. LeHmann, J. Chem. Phys. 29, 237 (1958). 


Lal 
\,7 \ 
8 
? 
| 
bh 
| 
NA 
CH, CH, 
Vol. 
14 
1960 
(c) 
| 


The reaction of ethylene with tetraborane 199 


The structure of tetraborane is given in Fig. 2(a). There does not appear to be any 
simple way of eliminating both BH, groups with the addition of one alkyl group to the 
tetraborane molecule. The fact that hydrogen was formed during all of the alkylations 
runs had initially been interpreted to mean that thermal decomposition reactions 
were taking place simultaneously. The infra-red data, however, suggested greater 
significance. Some typical results showing hydrogen and product formation are given 
in Table 2. 


~HYDROGEN FORMATION IN TETRABORANE-ETHYLENE REACTION 


Taste 2 


Run H, (ml) C,H,B,H, (ml) 


SB-1 


SB-2 | 18 
HCR-2 | 63 7-8 
HCR-4 5-0 40 
HCR-10 35-0 29-0 


HCR-13 


The data indicate that hydrogen and the alkylated product are formed in equi- 
molar quantities. To rationalize this with the infra-red spectrum of the product, the 
hydrogen must come from the two BH, groups of the tetraborane, one atom from 
each, to account for the absence of BH, in the product. The reaction given in equation 
(2), therefore, could represent the system, and the bridged dimethylene structure 
shown in Fig. (2b) and represented geometrically in Fig. 2(c) would satisfy all of the 
experimental data. Such a structure is entirely consistent with the bond angles and 


bond distances. 


C,H, + B,H,, > C,H,B,H, + H, (2) 


The proposed structure contains two CH, groups. It has been observed". 
that the C—H bond at 3-44 can be resolved, using lithium fluoride optics, into a 
series of peaks which may be used to distinguish between these two groups. The 
general statement can be made that the CH, group has a well defined peak at 3-37-3-88 
u, while absorption due to CH, occurs principally at 3-41-3-43 4. It has also been 
found in this laboratory that the shape of the resolved ethyl group band is unique, 
consisting of three peaks which decrease in intensity toward higher wavelengths. 
The resolved spectrum of the 3-4 « band of dimethylenetetraborane is shown in Fig. 3. 
The structure of this band was quite different from that observed in this laboratory 
for ethyldiboranes. The peak usually observed at 3-374 was absent (broken line) 
and the major peak occurred at 3-41 «, indicating that only CH, groups were present. 

Two qualitative chemical approaches to the structure of dimethylenetetraborane 
have also lent support to the proposed structure. The oxidative hydrolysis of 
dimethylenetetraborane produced ethylene glycol, equation (3), which was not 
detected in similar degradations with triethylborane or ethyldiboranes. 


C,H,B,H, + 10H,O -- HOCH,CH,OH + 4B(OH), + 9H, (3) 


“0 J. J. Fox and A. E. Martin, Proc. Roy. Soc. 162, 419 (1937) 
“) §. H. Hastinos, A. T. Watson, R. B. Witttams and J. A. ANDERSON, Jr., Analyt. Chem. 24, 612 (1952). 
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Treatment of dimethylenetetraborane with methanol should produce the known 
compound, (CH,O),BCH,CH,B(OCH,),." The liquid product which was isolated 
from the reaction shown in equation (1) exerted a vapour pressure of 2 mm at 28-5°. 
The value reported for the expected product is 1-4 mm at 28-3>. 


396 


3.414y 


FiG. 3.—Resolved C-—-H band of dimethylenetetraborane 


All of the evidence obtained appears to support the bridged structure of dimethy- 
lenetetraborane.* BurG''®) has studied the reaction of tetraborane and pentaborane- 
11 with carbon monoxide. A new volatile “polyborine’’ carbonyl was produced to 
which the formula B,H,CO was assigned on the basis of chemical analysis and molecu- 
lar weight. The fact that high pressures of carbon monoxide and long reaction 
times favored the tetraborane reaction would indicate a reaction similar to that of 
ethylene. While the bond distances and angles of ethane and tetraborane can be used 
to construct a model of dimethylenetetraborane with no bending of the tetraborane 
planes, this cannot be done to form a B,H, compound containing a bridging carbonyl 
linkage. This would not rule out such a structure, but it is also possible that B,H,CO 
is a co-ordination compound similar to borine carbonyl, BH,CO. The highly unstable 
B,H, could be formed by the thermal loss of hydrogen from tetraborane or from the 
symmetrical cleavage of pentaborane-11"* to yield BsH, and BH,. The expected 
BH,;CO was isolated from the pentaborane-!1 reaction. 


* The nuclear magnetic resonance spectrum of this material recently has been investigated, and the 
_— are consistent with the proposed structure.''* 


’G. Urry, J. KerriGan, T. D. Parsons and H. I. SCHLESINGER, J. Amer. Chem. Soc. 76, 5299 (1954). 
a | SHAPIRO. Private communication 
8) A. B. BurG and J. R. Spretman, J. Amer. Chem. Soc. 81, 3479 (1959) 
“*) L. J, Epwarps and R. W. Parry, Paper presented at the 133rd Meeting of the American Chemical 
Society, San Francisco, California (1958). 
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In a study of the thermal decomposition of tetraborane''”’ it was necessary to 
postulate the intermediate formation of B,H, to explain the kinetics. In a study of the 
exchange between B,D, and tetraborane‘'*’ two rates were observed, the faster one 
involving two hydrogen atoms of the tetraborane. While it is not necessary that these 
two reactions proceed by the same mechanism. in the light of the present work and 
the carbon monoxide work it appears that B,H, is an important structure in the 
reactions of boranes and that it can be formed by the loss of hydrogen from tetra- 
borane or the loss of BH, from pentaborane-!1. 


Acknowledgement —This work was supported by the Callery Chemical Company under a contract 
from the Bureau of Aeronautics, Department of the Navy, Contract No. NOa (s) 52-1024 (c) 
|) R. J. Pearson and L. J. Enwarps, Paper presented at the 132nd Meeting of the American Chemical 


Society, New York (1957). 
"*) J. E. Topp and W. S. Koski, J. Amer. Chem. Soc. 81, 2319 (1959) 
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THE REACTION BETWEEN LITHIUM HYDRIDE AND 
RHODIUM TO FORM A HYDRYL* 


J. D. FARR 


University of California, Los Alamos Scientific Laboratory, Los Alamos, New Mexico 
(Received 15 September 1959; in revised form 19 October 1959) 


Abstract—The hypothesis is proposed that lithium, rhodium and hydrogen can combine to form a 
new type of hydrogen compound, a “hydryl’’ compound. This is analogous to the known carbonyl 
and cyanyl compounds. The hydride ion, formed by the reaction of lithium and hydrogen, uses its 
electron pair to enter into co-ordination with rhodium. Some possible reactions are as follows: 


4Li + Rh + 2H, = (Li,RhH,), 


(Li,RhH,), + 1/2H, = Li,RhH, 


The evidence for these reactions, consisting of powder X-ray diffraction patterns and the stoichei- 
ometry, 1S given. 
The melting points of these “hydryls”’ appeared to be in the range 565-580°C. 


It has been observed in this Laboratory that when lithium hydride and rhodium metal 
were heated together to approximately 600°C, a liquid phase appeared. No evolution 
of gas accompanied this phase change. Since the melting point of lithium hydride 
is 688°C and rhodium melts at 1966°C, some interaction between the two must have 
occurred. At room temperature this new phase was a hard, black, crystalline material, 
virtually opaque. The X-ray diffraction patterns of this product were examined for 
LiH, LiOH, Li,O, LiRh, and Rh. None of these was present. Indeed, the complex 
pattern obtained could not be indexed by powder methods with any certainty. There 
were indications that the substance might be tetragonal. 


EXPERIMENTAL 


Materials 


Rhodium was obtained from the American Platinum Works. X-ray diffraction patterns of this 
material gave the literature value for the lattice constant.’ The lithium (Maywood Chemical Co.) 
was 99-8 per cent pure according to the manufacturer. For the preparation of lithium hydride this 
lithium and tank hydrogen, the latter purified by passing over finely divided uranium at 500°C, were 
heated together. A 347 stainless-steel crucible held the lithium while it was heated to 700°C in an 
atmosphere of hydrogen. Generally the hydrogen uptake was 98-99 percent of theoretical. A 
lithium-rhodium intermetallic phase was made by heating 2.0 mmoles of rhodium with 5-5 mmoles of 
lithium to 750°C in an argon atmosphere. A soft, malleable alloy resulted 


Apparatus 

All the materials were handled and weighed in a dry-box. The air in the box was circulated over 
alumina to dry it. The reactions were run on a vacuum line. This consisted, aside from the usual 
necessities of a vacuum system, of a reaction tube (Fig. 1), a standard volume with a mercury 


* Work done under the auspices of the Atomic Energy Commission. 


G. Gorrrriep and F. ScHosspercer, Strukturbericht, Band 1933-1935, p. 182. Edwards Brothers, 
Ann Arbor, Michigan (1943). 
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manometer, and a Toepler pump. The reaction crucible of stainless steel or molybdenum (Fig. 1) 
could be heated inductively by a 3-5 kW General Electric heater. Temperatures were measured with a 
calibrated chromel-alumel thermocouple 

The X-ray diffraction patterns were taken on a Norelco diffraction unit using a 114-59 mm 
diameter powder camera. Copper radiation was used with a nickel filter 
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Li,RhH, 


For the preparation of Li,RhH,, freshly ground lithium hydride and rhodium powder were heated 
to 600 C in an argon atmosphere. At approximately 580 C, melting occurred to form a black liquid. 
The temperature was then held at 600°C for 30 min to promote homogeneity. 


Li,RhH, 


In forming Li,RhH,, two alternatives could be followed. Either lithium and rhodium or lithium 
hydride and rhodium could be heated in hydrogen to 600 C. Again melting occurred at 570-580°C to 
form a black liquid. This had to be cooled slowly in a hydrogen atmosphere; otherwise varying 
amounts of hydrogen were taken up. The Li,RhH, dissociated at these temperatures to form Li,RhH, 
and hydrogen. The hydrogen pressure was kept in the range of 550 mm and by cooling to ~440°C 
over a period of | hr, the hydrogen take-up was reproducible. 


Dissociation pressure of Li,RhH, 


In one experiment, a sample of Li,RhH, was heated in an evacuated closed system and the 
pressure was measured as a function of temperature. The pressure was followed with rising tempera- 
ture only, as an air leak developed and terminated the experiment. The pressure appeared to reach a 
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steady value slowly. For instance, after three days at 435°C, the pressure still seemed to be rising 
slowly. This could have been due to the slow distillation of lithium metal from the sample. A deposit 
was visible on the walls of the apparatus around the sample crucible 


RESULTS 

Several solvents were tried on these hydryls in an attempt at purification. With 
pyridine and n-propyl amine, a dark colour formed in the liquid, but very little solid 
dissolved. Both water and alcohol caused decomposition with evolution of hydrogen 
and re-formation of Rh. Since there appeared to be no easy way to purify the hydryl 
and thus get its composition, the starting materials had to be varied in their proportions 
to see what effect this would have on the product. Free rhodium could be detected in 
a preparation by means of X-ray patterns, but free lithium hydride would in general 
be masked owing to the large difference in density. In the caseof Li,RhH, preparations, 
the amount of hydrogen uptake would give an indication of the amount of rhodium 
reacting. The data obtained by varying the composition of the starting material are 
given in Table | for Li,RhH,;. The mole fractions used (Table |) were calculated on 


TABLE 1.—COMPOSITION VS. X-RAY RESULTS 


H ¢ H* Rh from 


Li Rh X-ray 


0-67 
0-80 
0-80 


0-51 
0-99 
1-00 
0-85 0-94 
0-93 
1-02 


0-91 
0:96 


0-81 0-90 


5 = strong; » weak; nd = not detected; mp = no pattern taken 


the basis of lithium and rhodium as the only components, with hydrogen omitted for 
simplicity. The ratio H/Li gives the total number of hydrogen atoms which reacted 
in a preparation divided by the number of lithium atoms present. In the next column 
the H* represents the total number of hydrogen atoms reacting minus the number 
theoretically required to react with the lithium present to form lithium hydride. In 
other words, it represents the excess hydrogen which was available for the rhodium. 

It can be seen from the table that in a preparation carried out in hydrogen when the 
mole fraction of lithium was 0°67, the ratio H/Li was 1-25 and free rhodium was 
present. Upon increasing N,, to 0-8, the value of 1-25 persisted for H/Li and little 
free rhodium was detected. The H*/Rh value also increased to approximately one. 
Further increase in lithium content caused the H/Li ratio to decrease while H/Rh 
remained roughly one, the free rhodium disappearing simultaneously. Visually, it 
could be seen that the sample with N,, equal to 0-91 contained two phases, one a clear 
colourless material, the other, black. The clear material was optically isotropic with 
a refractive index between 1-8 and 2-1+. Presumably, the clear material was lithium 
hydride. These results were interpreted as follows. At N,, equal to 0-67, the phases 
present were Li,RhH,, and Rh. Consequently the ratio H/Li should be 1:25. The 


+ Microscopy performed by E. Staritzxy of this laboratory. 
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H*/Rh ratio would be a variable here. Upon increasing the lithium content, more 
Li,RhH, formed until at N,; equal to 0-8 the stoicheiometry would be that of Li, RhH,. 
Further increase in lithium content resulted in the formation of LiH and Li,RhH,. In 
this case the H/Li ratio should decrease while H*/Rh should remain one. 


E Upon heating the Li,RhH,, hydrogen was evolved reversibly. Some very approxi- 
4 mate measurements of the dissociation pressure are in Table 2. From visual 
q TABLE 2.—DISSOCIATION PRESSURE AS A 


FUNCTION OF TEMPERATURE 


Temperature 


Pressure (mm) 


286 
380 
425 
435 


340 
48-0 
80-0 


observations and the X-ray diffraction patterns, it was concluded that there was little 
or no solid solubility of LiH, Li,RhH, and Li,RhH, in one another. Consequently 
the following reaction was assumed for the dissociation: 


2 Li,RhH, = (Li,RhH,), + H,. 


The pressure data were plotted and a line drawn through as well as possible. This gave 
the equation: 


- 2900 


log P = + 6°00 


from which the heat of dissociation was calculated to be approximately |3 kcal/mole 
hydrogen. 

A solid composition approximating Li,RhH, was prepared by heating lithium 
hydride and rhodium in an argon atmosphere. The same material also resulted when 
Li,RhH, was heated to 400°C in vacuum and the gas pumped off with a Toepler 
pump. Hydrogen evolution stopped when the solid composition reached Li,RhH,. 
The X-ray diffraction pattern contained neither rhodium nor lithium hydride lines. 
Also the pattern differed from that of Li,RhH,;. The patterns obtained are shown 
in Table 3. There appears to be indications of a tetragonal structure in each. How- 
ever, the patterns were considered too complicated to resolve by powder methods. 

On the chance that a lithium-rhodium intermetallic compound might be present in 
some of the preparations, an X-ray pattern was taken of a material made by heating 
lithium and rhodium. This pattern is also shown in Table 3 as indexed by F. ELLINGER. 
It was never found in any of the Li,RhH, or Li,RhH, patterns. The material is 
simple hexagonal with a, = 2°66 A and cy = 4:35 A. 

The observed melting points of Li,xRhH, and Li,RhH, varied between 565-580°C. 
This variation could be due to two factors: (1) it takes only a small amount of 
lithium hydride weight-wise to give an appreciable mole fraction; (2) the Li,RhH, can 
dissociate to Li,RhH,. The figure 565°C may be eutectic temperature with lithium 
hydride. The extent of the dissociation of Li,RhH, at temperatures around 565°C 
was not realized until the work was nearly ended. The observed dissociation pressure 
at this temperature was 340 mm, while melting points were taken with anywhere 


3 
q 
q 
{ 
l. 
50 


206 J.D. Farr 


from 100 to 400 mm pressure of hydrogen. In general, it seemed as if the Li,RhH, 
must have a lower melting point than Li,RhH,, since during the course of a heating 
of this, there would first be melting, then an evolution of gas as evidenced by bubbles 
forming in the melt, and finally some solid would appear in the melt before it all 
became liquid again. 


TABLE 3.—d VALUES OBSERVED 


Li,RhH, Li,RhH, Li-Rh 
Intensity Intensity d Intensity d 


4:34 
2:29 
2:17 
2-03 
1-57 
1-44 
1-32 
1:26 
1-22 
1-15 
1-13 
1-08 
1-01 
0-981 
0-900 
0-871 
0-850 
0-841 
0-815 
0-813 
0-808 
39 0-804 
3) 0-790 
‘25 0-788 


19 
17 


3 

3 

2 

2 
2: 
2 

2 

1-9: 
1-73 
1-€ 
BS 
1-5: 

] 

l 

1: 


5 strong; m medium; w weak 


The formulae Li,RhH, and L1,RhH, appeared to be indicated by the stoichei- 
ometry of the reactants. They could also be drawn by analogy to the known rhodium 
carbonyls and carbonyl hydride.’ For instance, the following reaction is known 


2Rh(CO),H = [Rh(CO),], + H, 


By substituting H~ for CO one gets the hydryl. The Li*, of course, must also be 
added for neutrality. In addition to the two above carbonyl compounds there are 
also known [Rh(CO),], and [Rh,(CO),,],. It is therefore possible that more hydryls 
exist and that a mixture was obtained. More careful work would have to be done to 
resolve this. 


 H. J. Emeceus and J. S. ANperson, Modern Aspects of Inorganic Chemistry (2nd Ed.) p. 408. Van 
Nostrand, New York (1952) 


Ss 4 
m 3 
3 
3 
5 
m 
w 4 
m 
Vol. 
14 
1960 
= 
| 0-923 | 


q 
q 


The reaction between lithium hydride and rhodium to form a hydryl 207 


Another compound that can be drawn upon for an analogy is KyNi(CN),, a 
cyanyl. This is a compound of zero-valent nickel. It can be considered as derived 
from Ni(CO), by the replacement of the CO by (CN)~. Palladium also forms a 
compound of this type, namely K,Pd(CN),. 


CONCLUSION 


Evidence has been presented for the possible existence of a new class of hydrogen 
compounds. They are considered as derived from known rhodium carbonyls by 
replacing the (CO) with (H)~. That it is possible to replace the neutral (CO) by the 
charged (CN)~ has been demonstrated by other workers in the case of nickel. The 
resulting compound was termed a cyanyl; hence it was felt that hydryl would be an 
appropriate name. It would be desirable to have more evidence of the existence of 
these hydryls. For instance, single-crystal X-ray work might resolve the structure and 
give the Rh-Rh distance. Also, magnetic susceptibility measurements might indicate 
the type of bonding, if any, between rhodium and hydrogen. 
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Abstract— Yttrium metal in 99-8 per cent purity was prepared by lithium reduction of anhydrous 
yttrium chloride prepared from commercial yttrium oxide. Physical properties of the metal so 
prepared are given and analytical procedures for its evaluation are discussed 


PuRE yttrium metal has been difficult to prepare because of its electropositive character 
as well as its similarity to, occurrence with, and difficulty of separation from the 
lanthanide elements. As a result considerable variation in chemical, physical and 
metallurgical properties of yttrium have been reported. lon exchange techniques"':* 
have made available a source of pure yttrium salts for the preparation of the pure 
metal so that its properties may be more correct!y evaluated. In addition, recent 
data’ has indicated that yttrium may have nuclear and metallurgical applications. 
For these reasons the production of pure yttrium metal in massive form is of current 


interest. 
The most successful metallothermic preparations of massive yttrium are those of 
Daane and SpeDDING™’, and CARLSON et a/.‘°’ Essentially these methods involve the 


reduction of yttrium fluoride with calcium to form the molten metal directly, the 
reduction of an yttrium fluoride-zinc fluoride mixture with calcium to form an 
intermediate zinc alloy of yttrium or the reduction of an yttrium fluoride-calcium 
chloride mixture with metallic calcium and magnesium to form an yttrium—magnesium 
alloy 

Yttrium metal available to the authors at the time this investigation was made was 
prepared by the magnesium intermediate alloy method of CARLSON et a/. This metal 
was of production grade quality and had a relatively high oxygen contamination and 
has been observed to contain varying amounts of non-metallic inclusion phases in its 
microstructure. These impurities are believed to be responsible for the variation in 
chemical, physical and metallurgical properties observed on yttrium metal produced 
by this method. 

Electrolytic preparation of massive yttrium metal has not been very successful. 
The only significant method has been reported by TRomBeE and MAHN® in 1945, 
These investigators prepared a cadmium—magnesium-yttrium alloy by electrolysis 
of a fused salt bath of sodium chloride using a cadmium—magnesium anode. 

* This paper represents a part of the dissertation submitted by H. J. No.tiING to the Graduate School of 
Xavier University in partial fulfillment of the requirement for the degree of Master of Science. 


H. Speppine et al. J. Amer. Chem. Soc. 70, 1671 (1948). 

') F. H. Speppinc, Chem. Engne. News 30, 1200 (1952). 

‘’) R. B. Howes, Metal Progr. 75, No. 6, 108 (1959) 

‘*) A. H. Daane and F. H. Speppina, J. Electrochem. Soc. 100, 442 (1953). 

O. N. Carson, F. A. Scumipt and F. H. Speppina, U.S.A.E.C., ISC-744 (1956). 
‘*)} F. Trompe and F. Maun, C. R. Acad. Sci., Paris 220, 778 (1945). 
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This investigation describes the direct preparation of pure yttrium metal from 
yttrium chloride starting with yttrium oxide. Lithium is used as the reducing agent 
because the lithium chloride by-product can be removed from the yttrium metal by 
distillation at reasonably low temperatures. The procedure is as follows 


Y,0, + 6HCI 4+ 3H,O —> 2YCI,-6H,0 (1) 
YCI,6H,O + HCI (gas) YCl,-H,O + H,O (gas) (2) 
YCly"H,O + xHCl (gas) YCl,-x HCl + H,O (gas) (3) 


YCl,-xHCl Cl, (crude) + HCl (gas) (4) 


YCI, (crude) — |, (purified) (5) 


mim 


YCI, (purif.) + 3Li (gas) Y — 3LiCl (mixture) 


Y — 3LiCI (mixture) ——» Y (crystal) + 3LiCI (gas) (7) 


EXPERIMENTAI 


Preparation of yttrium chloride hexahydrate”’ 


Yttrium chloride was prepared by digesting yttrium oxide (Ames Laboratory. lowa State College 
see Table 1) in concentrated hydrochloric acid. evaporation of solvent until crystallization occurred 
and vacuum drying of the crystals at 90 C for | hr. (¥ ttrium, 29-08; Theor. 29-64: Chlorine, 34:75: 
Theor. 35-06; Water 36-17 by diff.. theor. 35-30°) 


TABLE |. —SPECTROGRAPHIC ANALYSIS OF YTTRIUM OXIDE*® 
Element Contents (p.p.m.) Element Contents (p.p.m.) 
Aluminum l Lutetium <2? 
Barium <i! Magnesium 15 
Bismuth 3 Manganese 4 
Boron | Nickel 100 
Cadmium <0 Niobium 
Calcium <6 Potassium <! 
Chromium * 100 Samarium <3 
Cobalt Silicon 100 
Copper 5 Sodium 10 
Dysprosium <! Tantalum 60 
Europium <3 Terbium 2 
Gadolinium <2 Titanium <3 
Iron 10 Vanadium 1 
Lead Zinc 3 
Lithium <! Zirconium 3 


Total volatile material 0-7 weight per cent 
Total rare earth—by difference 99:25 weight per cent 


* Spectrographic analysis by the General Electric Aircraft Nuclear Propulsion Department, Cincinnati 
Ohio 


' J. A. Kueinneckser and H. C. Kremers, J. Amer. Chem Soc. 50, 959 (1928) 
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Preparation of anhydrous yttrium chloride 


Yttrium chloride hexahydrate was dehydrated by passing anhydrous hydrogen chloride gas 
(Matheson Company, Inc., East Rutherford, N.J.) under a slight positive pressure downward through 
a dehydrating tower (Matheson Company, Inc., East Rutherford, N.J.—see Fig. 1) containing the 
yttrium chloride at carefully controlled temperatures. A mercury column was used to control the 
pressure and monitor the rate of flow. Starting at 110°C approximately 0-5 1/min of hydrogen 
chloride was passed through the column for 24 hr by which time no increase in water was noted 


Direction of gos flow 


Charcoal trap 


Furnoce 


Gloss frit 


Fic. 1.—Yttrium chloride hexahydrate dehydration apparatus 


above the mercury column (see Fig. 1). The amount of water corresponded to about 80 per cent of 
the water of hydration of the yttrium salt. The temperature was then raised to 350°C for twenty-four 
additional hours. The system was cooled, the dehydrated yttrium chloride removed from the tower, 
melted in a platinum crucible at 1000°C in an inert atmosphere to remove hydrogen chloride and cast 
into rods of approximately 100 g (1 in. diameter by 3 in. long) using a copper mould. Quantitative 
yields were obtained. 


Purification of anhydrous yttrium chloride 


Apparatus. A distillation retort was constructed from 0-035 in. thick platinum sheet. Basically this 
retort was a crucible 2} in. diameter by 11} in. high. At a distance of 6in. from the bottom an 
inner trough was so constructed that it was slightly oblique to the horizontal plane of the crucible. 
At the lowest point of the trough, a platinum spout was welded through the wall to allow drainage of 
molten salt into a copper mould. This spout was tubular in form, } in. diameter having a bore of 
approximately { in. and extending 2} in. down and away from the side of the crucible wall. The tip 
was slightly flared to facilitate drainage of the distilled molten salt. The receiving mould was of 
annealed copper measuring 14 in. internal diameter and 34 in. deep. 

To achieve the conditions of vacuum and temperature necessary for the distillation, a NRC model 
2904B vacuum casting unit, manufactured by ihe NRC I quipment Corporation of Newton Highlands, 
Massachusetts, was used. Slight modifications of the vacuum chamber were made to accommodate 
the distillation retort and copper receiving mould. Fig. 2 shows the complete assembly prior to a 
distillation. 

Procedure. The anhydrous yttrium chloride was purified by vacuum distillation. Distillations 
were conducted on 100 g crude yttrium chloride rods. A temperature of 1000°C under a vacuum of 
100 u or less was found to give a distillation rate of 5-6 g/min. The colourless chloride condensed on 


—— 
ob | 
| 
| 
25" | | | 
— 
i supply 
ap 
Woter Vol, 
Mercury 14 
19 60 


Fic. 2.—D 
Note copper mould in foreground with dri 
is heated by a molybdenum element (no 


istillation apparatus. 
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the interior upper walls of the distilling retort, collected in the trough and then dripped from the 
distillation retort sidespout into the copper receiving mould. Approximately 150-160 g of fused 
yttrium chloride salt was recovered per distillation in the form of a billet This represented yields of 
75-80 weight per cent. The billets were then distilled a second time to insure maximum purity, the 
final product being a clear crystalline billet of the fused salt measuring 14 in. diameter by approxi- 
mately 3 in. long and weighing 150 160 g 

Evaluation. Analysis of distilled yttrium chloride was limited since sampling procedures called 
for the destruction of a billet and subsequent time consuming recasting and redistillation. The 
chloride prepared after the second distillation appeared completely soluble in water. (Yttrium 
chloride is soluble in water, yttrium oxide and yttrium oxychloride are not.) However, to substantiate 
the effect of distillation, nominal oxygen analyses were made on the raw yttrium chloride and the 
products of small scale first and second distillations. A neutron activation method'*’ was used to 
determine the amount of oxygen in the yttrium chloride. Residues in the retort were analysed by 
X-ray diffraction methods. In two residue samples each from a first and second distillation, yttrium 
oxychloride was identified as the major phase. The cell structure of thi compound was reported to be 
tetragonal with a unit cell volume of about 100-58 A. The cell dimensions were reported as: dy 
391A: cy, ~ 658 A: Co/Ao 1-68. Traces of a minor phase were observed but not identified 


Reduction of yttrium chloride to yttrium metal 


VMatcrials. The following materials were used in the reduction process: 
1. Yttrium chloride billets weighing 150-160 g prepared as described 
2. Lithium metal purchased from the American Potash and Chemical Company of America 
This metal was received in the form of 100-200 § ingots packed in argon. The chemical purity 
was reported as follows: Li, 99-97: Na. 0-0009: Ca. 0-15 per cent by weight 
Type 310 stainless steel pipe and plate. The pipe had an inside diameter of 3 in. and | in. wall 
thickness. The plate was } in. thick Tubing was heavy-walled having an outside diameter 
of in. 
4. Tantalum sheet, 0-020 in. thick and unannealed molybdenum sheet, 0-010 in. thick. purchased 
from the Fansteel Metallurgical Corporation, N Chicago, Illinos 
5. Titanium foil, 0-005 in. thick purchased from the Titanium Metals ¢ Orporation of America, 
New York City, New York 
Apparatus. The reduction crucibles were formed from the 0-020 in tantalum sheet by folding into 
rectangular boxes measuring 2} in. by 2} in by 4 in. long 
The bombs used were constructed entirely from Type 310 stainless steel pipe. plate and tubing 
The bomb proper was made of 3 in. pipe, cylindrical in shape and 22 in long. Closure was 
accomplished by welding a } in. thick circular plate into one end and a similar plate into the other end, 
this plate having a heavy-walled | in. evacuation tube The length of the evacuation tube was4 ft. The 
bomb was then arbitrarily divided into three zones: Zone 1 extend ng from the face plate of the bomb 
to a length of 7 in.; Zone 2 extending from 7 to 14 in.: and Zone 3 extending from 14 to 22 in 
(See Fig. 3) Thermocouples were centrally placed in each zone to monitor temperature differential 


Thermocouple Thermocouple Therm couple 
2 3 


Totol Length 22 inches 
Zone | 7 wenes 

Zone 2 7 inch 

Zone 3 8 inches 


Fic. 3.- Reduction bomb assembly 


‘* G. M. Lepicorte, Oak Ridge National Laboratory. Private communication. September (1958). 
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Two 4 in. tantalum boats containing respectively lithium and yttrium chloride were placed in Zone 3 
prior to closure of the bomb chamber. The face plates and bomb chamber were cleaned with hydro- 
chlor water and air dried before assembly. Fig. 3 schematically repre- 


ic acid, rinsed with deionized 


sents the assembled bomb as used for all reductions 
A Leeds and Northrup Model 8657—¢ potentiometer was used to measure the temperature 


A Harper furnace Model HOV-10618-M-26 with a maximum operating temperature of 1500°C 


over a zone 6 in. square and 24 in. in length was used as the reduction furnace 
A Welch Duo-Seal vacuum pump Model 1397 was used to evacuate the bomb chamber. 
Procedure A total of three reductions were made 
Reduction |—Two yttrium chloride billets with a total weight of 315 g and a block of clean lithium 


weighing 40 g were placed in their respective containers and positioned in Zone 3 of the bomb chamber. 


The face plate was welded int position 


a a vacuum immediately drawn on the bomb chamber 
When a vacuum of 50 « or less had been achieved, the reduction schedule was initiated by placing the 


was attained in 15 min and held for 2 hr over the entire length of the bomb. Vacuum readings 
indicated the evacuation tube was sealed within the first 5 min exposure to temperature. Closure was 
due to condensation of lithium vapour in the evacuation tube which sealed the bomb and its contents 


during the reductior After r the bomb was positioned so that the face f 


late extended slightly from 


the furnace opening. An air blast was directed at the face plate. The furnace temperature was raised 
so that within 30 min a steady temperature of 1000°C on Zone 3, 950 C on Zone 2 and 400—500°C on 
Zone | were recorded. This temperature gradient was maintained for 12 hr. After this period the 


bomb was removed from the furnace and cooled. The bomb chamber was cut open in Zone 2 at the 


thermocouple position aid arg gas was flushed into the chamber immediately after an opening was 
made The gross appearance and position of the reduction products appeared to be as expected 
However, the yttrium had overflowed one section of the reduction crucible and reacted slightly with 
the chamber wa The crucible adhered to the wall at this point and when attempts were made to pry 
it loose spontaneous ignition occurred and spread to the whole container. The yttrium metal burned 
with an intense greenish-white light and gave off considerable heat. All of the product was lost 
Reduction 2—To prevent another loss f product the bomb was lined with 0-010 in. molybdenum 
foil before assembly. The reduction crucibles were also placed on a tantalum tray constructed from 
0-020 in. sheet and the crucibles themselves were shaped to better conform with the chamber geometry 
Iwo billets of yttrium chloride weighing 300 g and 40 g of lithium were used. The reduction schedule 
was Carried out exactly as in Reduction (1) Removal of the reduction crucible was accomplished 
successfully and approximately 130-140 g f crystalline yttrium was recovered. This was present in 
a sponge-like form complete ned within the tantalum crucible. The extreme t /p portion of 
he sponge wa ghtly darkened; this was mechanically separated from the main portion. About 


Reduction 3—Two billets of fused yttrium chloride weighing 305 g and 40 g of lithium were used. 
Assembly of the reduction apparatus was the same as in Reduction (2) with the exception that0-005 in 
titaniu foil as an additior rw 1 aS a getter for gaseous contaminants. The reduction 
schedule was also the same and at ximately 125 g of bright crystalline yttrium sponge was recovered 

TABLE 2 ANALYTICAL EVALUATION OF ANHYDROUS YTTRIUM CHLORIDE 


Raw cast | Distilled 


Redistilled YCI, 
= | 
| 


Solubility in water 

Oxygen (weight per cent) 1-10 0-02 0-83 0-16 0-35 0-05 
(neutron activation) 
hloride (weight per cent) | 53-04 54-14 
(Mohr) | | 
(Theoretical 54.47) 

Yttrium (weight per cent) 45-35 45-06 
(Oxalate) 
(Theoretical 45-53) 

Residue as YOCI (weight per cent) 2:40 | 0-0-5 
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There was no discoloration of this sponge although some of the crystals adhered to the tantalum 
crucible. F ig. 4 shows some typical crystals obtained by this reduction 

Evaluation. For a comparative analysis arc-melted buttons weighing approximately 10 g were 
prepared from the crystals obtained from Reductions (2) and (3) The vacuum fusion method was 
used to determine oxy gen and nitrogen and the bromine insoluble method'®’ used to determine total 
non-metallic content of the metal. Theoretically, this latter analysis determines the total amount of 
non-metallic impurities in yttrium metal. The procedure, which is under development, is as follows 

Approximately | g of yttrium metal is placed in 120 ml of anhydrous methanol. Small portions of 
bromine are added to this until all the yttrium metal dissolves, then a small excess of bromine is added 
Another 100 mi of methanol is added and this solution is filtered. Any residue is dried at 110 C for 
30 min. This residue is considered the total non-metallic residue from the sample and the purity is 
calculated accordingly 


Taste 3 


ANALYTICAL EVALL ATION OF CHLORIDE PEDUCED YTTRIUM METAL 


Reduction (2) | Reduction (3) 


7 
Oxygen (weight per cent) 0313 0-162 
(Vacuum fusion) 
Nitrogen (weight per cent) 0-024 0-006 


(Vacuum fusion) 
Bromine Insoluble (weight per cent) 0-28 0-17 

(Non-metallic impurities) 

Carbon ».p.m.) 70 
(Combustion) 

Chloride (p.p.m.) 100 
(Conductometric) 

Yttrium (weight per cent) 99-9] 


(Oxalate) 


Table 3 lists the results of the analyses performed. A Spectrographic analysis of the arc-melted 
specimen from Reduction (3) is listed in Table 4. Microstructures of specimens prepared by this 
procedure were exceptionally clean as compared to the usual yttrium metal prepared by a fluoride 
reduction. Figs. 5 and 6 illustrate this point. No intergranular inclusions were detected at magnifi- 
cations as high as 750 


Propertic of high purity vitriam metal 


Some properties of the yttrium metal prepared by lithium reduction of yttrium chloride were 
determined and compared with similar properties which had been determined on metal prepared 
through the intermediate alloy process. Table § lists these properties. The crystal structure, lattice 


parameters, axial ratio and crystal density of chloride reduced metal were obtained from X-ray 


diffraction powder patterns Filings were taken from an arc-melted button of the metal and were 
annealed at 1350 C for | hr. The patterns were obtained using a Norelco 114-6 mm diameter powder 
camera. Powder patterns obtained are given in Table 6. Crystal graphic data obtained by HERMANN 
er al.'’* on yttrium metal purified by vacuum distillation are also given in Table §. In this study the 


diffraction pattern was obtained on a sample of yttrium metal which had been distilled from tantalum 
and condensed on a tantalum surface 


The measured densities of both chloride reduced and intermediate alloy yttrlum meta! were 
obtained by a displacement method in which arc-melted buttons of the metal! were weighed in air aud 
then in toluene 

The melting point of chloride reduced yttrium was determined by melting a portion of the primary 
crystalline product and observing the characteristics of the cooling curve obtained from emf 
measurements using a rhenium tungsten thermocouple. The meta! was melted in a tantalum crucible 


R. A. Dunceavy, General Electric Aircraft Nuclear Propulsion Department, Cincinnati, Ohio 
Unpublished work (1958) 
W. Hermann, A. H. Daane and F. H. Spepoinc, U.S.A.E.C.. ISC-702 (195%) 
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TABLE 4.—SPECTROGRAPHIC ANALYSIS OF ARC-MELTED YTTRIUM METAL PREPARED BY 
CHLORIDE REDUCTION 


Contents (p.p.m.) 


Element Contents (p.p.m.) Element 
Aluminum Lutetium 
Barium <I Magnesium 
Bismuth 30 Manganese 
Boron 10 Nickel 
Cadmium <3 Niobium 
Calcium 10 Potassium 
Chromium 30 Samarium 
Cobalt 1 Silicon 
Copper 20 Sodium 
Dysprosium <2 Tantalum 
Europium 5 Terbium 
Gadolinium 2 Titanium 
Iron 100 Vanadium 
Lead 20 Zinc 
Lithium Zirconium 


<$ 
5 
20 


Total non-:netallic content 
Total rar: earth content 


TABLE 5 


oxalate method . 


PROPERTIES OF YTTRIUM METAL 


0-17 weight per cent 
99-91 weight per cent 


Chloride reduced 
metal 


Intermediate alloy* 


metal 


Crystal structuret 
Lattice parameter,+ (A) 
Co (A) 
Axial ratio,? c,/a, 
Crystal density,t D,, 25°C, (g/cm*) 
Measured density,+ p, 25°C, (g/cm*) 
Melting point,t °C 
Transition temperature (°C) 
Elec. resistance, 25°C, (ufdcm) 


Ultimate strength, 25°C, (Ib/in* 10°) 


Yield strength, 25°C, 0-2 °% offset, (Ib/in* x 10°) 


Tensile elongation, 25°C, (%) 


Coefficient of linear thermal 
expansion, a x 10* 
25-300°C 
25-600°C 
25-900°C 
25-1000°C 

Arc-melt Brinell Hardness 
(500 kg load, 10 mm ball) 


1525 
(1472 


hep 
3-648 
§-737 
1-573 
4-466 
4-45 


741 
20-9 
169 
11-0 


76 

93 

99 
10-1 
45-50 


10°C 
10) 


hep 
3-649 
5-737 
1-572 
4464 
44-46 
1540 + 10°C 


69-70 

24:2 

13-8 
7-0 


93 
10-9 
11-3 
116 
65-75 


study on a metal averaging 2500 p.p.m. in 


* Property values given for intermediate alloy metal are representative of those measured during this 
oxygen content and total rare earth of 99-3 per cent by weight. 
1 HERMANN ef al. obtained the following values on yttrium metal purified by vacuum distillation 


Lattice parameter, a,A 3-6474 + 0-0007 
Ce 5-7306 + 0-0008 

Axial ratio, c,/a, 1-571 

Crystal density, D,, 25°C, 4-472 


Melting point (°C) 
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4—Crystalline yttrium obtained from reduction of ytt 


hexagonal structure of crystals 


FiG. 5.—Photomicrograph of yttrium metal produced by reduction of yttrium chloride with 
lithium. Note excessive twinning. HNO, Etch. (250») 


q 
yttrium chioride with lithium. Note 
q 
a 214 


4 
: 


FiG. 6.—Photomicrograph um metal currently from the magnesium- 
intermediate alloy process > scattering of dark impurity phases present within grains and 
boundaries HNO, Etch. (250 } 


available 


A 
Vol, 
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Preparation and properties of high purity yttrium metal 


TABLE 6.—X-RAY DIFFRACTION PATTERN OF YTTRIUM METAL’ 


Diffraction pattern of intermediate alloy and chloride reduced metal 


d(A) Il, Akl d (A) 

; 100 1-054 

2-869 002 1-013 m 213 
2:768 vs 101 0-9888 mw 302 
2:124 ms 102 | 09566 vow 006 
1-823 mis 110 0-9286 205 
1-635 ms 0-9180 214 
1-579 " 200 0-9123 vw 220 
1-539 ms 112 | 0-8768 vow 310 
1-523 m 201 | 08696 222 
1-433 ” 004 0-8668 mw 311 
1-384 nw 202 0-8492 304 
1-306 104 08473 116 
1-217 mw 203 O-8385 312 
1-194 uw 210 0-8278 215 
1-169 m 211 0-8184 206 
1-127 mw 114 0-7969 mw 313 
1-103 212 0-7938 107 
1-079 nin 105 0-7829 401 
1-062 uw 204 


Hexagonal unit-cell dimensions 


Intermediate alloy Chloride reduced 


a 3649 A 3-648 A 
c §-737A 5-737A 
cla 1-572 cla 1-573 

Vol. 66-154 A? Vol. 66-121 A? 


D, 4464 D, 4466 


under one atmosphere helium gas pressure. The thermocouple was inserted into a thin-walled 
molybdenum tube, closed at the bottom and immersed in the molten metal Temperature control 
was maintained by means of a Minneapolis- Honeywell Brown Rubicon potentiometer. An inflexion 
was observed in the cooling curve at temperatures slightly below the melting point Although not as 
yet confirmed by high temperature X-ray diffraction patterns, the inflexion indicates that a high 
temperature crystalline modification exists whose transition temperature is roughly in the range 
given in Table 5. The melting point of a representative sample of the arc-cast intermediate alloy 
metal was determined by the same method. Unpublished studies of the Y-Mg, Y-La and Y-Th 
alloy systems indicate that a body-centred cubic modification of yttrium exists with an estimated 
transition temperature somewhere above 1450°C.'"'."* 

Specimens of both types of metal were rolled into 0-040 in. thick sheet which were then cut into 
2 in. lengths, 0-250 in. wide. These specimens were then used to determine the clectrical resistivity of 
yttrium at room temperature. The measurements were obtained by determining the ratio of the 
potential drop across a standard resistor (0-1 £2) and a measured length of specimen, both of which 


') FE. D. Gisson and O. N. Cartson, ASM Preprint No. 146; To be published in Trans. Amer. Soc. Metals 
$2, (1959) 

(2) PD. T. Eas and O. N. Cartson, ASM Preprint No. 142; To be published in Trans. Amer. Soc. Metals 
$2, (1959). 

' RK. C. Raw’, General Electric Aircraft Nuclear Propulsion Department, Cincinnati, Ohio. Unpublished 

work (1959) 
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were connected in series to a 6 V battery and a variable resistor. Current leads and potential leads 
were Of copper spot-welded to the ends and gauge marks of the yttrium specimens. The potential 
drop across both standard resistor and specimen were measured by means of a Leeds and Northrup 
potentiometer No. 751314 


Short time tensile strengths were determined on button-head type specimens 4 in. diameter and 


ver a 14 1n. gauge lengt P ds were of molybdenum and testing was in the Baldwin Universal 
Tensile machine Type PTE-42 wit 5000 Ib capacity. Coefficients of linear thermal expansion were 
determined by dilatometric measurements on rod specimens fin. diameter and 2 in long. The 
specimens were mounted vertic in iminium Oxide block in the centre of a Marshall furnace 
wit I } push rod ¢ ected the free end by means of a tantalum c ip. Measurements were 
made und in argon at pnere The expansion f the specimens was measured on a Atcotran 
(linear iriable different I si ner) gau connected to the other end of the sapphire rod (out of 
the heat zone). Temperature was controlled by means of a Pt-13°’ Rh/Pt the rmocouple 

The hardness of both chloride reduced and intermediate allo, metal was determined by measure- 
ments on arc-meited sampies using a Brinell standard hardness tester. $00 kg, 10 mm hardened steel 
b The samples were flattened and polished prior to the measurements 


DISCUSSION AND CONCLUSIONS 


In general this method of preparing yttrium metal compares very favourably 
with any described in the literature. On the basis of the bromine insoluble and total 
rare earth analyses, the metal produced from Reduction (3) was of the order of 99-8 
per cent pure. This 14 the purest yttrlum metal yet reported. This is substantiated by 
its extremely clean microstructure (Fig. 5) as compared to the microstructure of 
production grade yttrium prepared by the intermediate alloy process 

Oxygen and nitrogen contamination of yttrium metal produced by this method 
was approximately the same as that in yttrium from the intermediate-alloy process 

Preparation of yttrium metal by reduction of the chloride with lithium should 
have commercial application where small quantities of high-grade metal are needed. 


Preparation in large quantities would require scaled-up studies of both the preparation 


of anhydrous yttrium chloride and reduction to the metal 

[he most difficult portion of this investigation was the area of preparing and 
evaluating yttrium chloride for reduction. The method employed for the dehydration 
of yttrium chloride hexahydrate, while usable, is time consuming and expensive 
from a commercial viewpoint. A study of more efficient methods of obtaining an- 
hydrous yttrium chloride from the oxide is certainly desirable. Casting of “raw” 
chloride produced in some manageable form is advantageous due to the hygroscopic 
nature of yttrium chloride, but an evaluation of suitable container materials other than 
platinum IS necessary 1! large quantities of the fused salt are to be prepared. This 
evaluation would also be applicable to the elimination of a platinum distillation retort 
in the purification step. Possible alternative materials may be nickel or nickel-base 
alloys such as the Inconels or Hastelloys. 

Analyses of the raw and distilled yttrium chloride by the methods described in 
this investigation were experimental to a large degree and point up the necessity for 
better and more specific analytical methods 
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THE PREPARATION OF STOICHEIOMETRIC 
FERRITES* 
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Lincoln Laboratory, Massachusetts Institute of Tec hnology 
Lexington, Massachusetts 


(Received 13 October 1959) 


Abstract The difficulties encountered in the preparation of pure stoicheiometric ferrites MFe,O, 
(M Mg**, Mn**, Co**, Ni**) are briefly discussed. A new procedure is then described that avoids 
some of these difficulties. Atomic ratios, Fe/M., very close to the theoretical value of two are obtained 
by the thermal decomposition of crystallized salts M,Fe,(¢ ‘H,CO,),.O,OH 12C;H,N. The products 
are ignited in the air at temperatures chosen to yield the correct oxygen content. The products are 
examined by chemical analysis and the measurement of several physical constants. 


THE ferrites include a group of crystalline oxides with the general compositional 
formula MFe,O,. The sy mbol M can represent magnesium, manganese, iron, cobalt, 
nickel, copper, zinc and cadmium. The magnetic properties of several of these 
substances combined with relatively low electrical conductivity compared to the 
magnetic metals and alloys have created many well-known applications in high- 


frequency electronic devices. The study of the intrinsic properties of the materials 
also has led to important new ideas concerning the origin and nature of magnetic 
phenomena. It seems reasonable that fundamental physical studies should be made 
on compounds of the highest available purity and homogeneity. A brief review of 
preparative methods previously used is given below and some of the difficulties 
encountered in achieving maximum purity and correct stoicheiometry are pointed out. 
A new procedure is then described in which some of these difficulties are avoided. 


PREVIOUS METHODS 

In the spinel structure of the ferrites discrete anionic complexes cannot be distin- 
guished; the ferrites MFe,O, are not derived from well-defined water-soluble acids and 
cannot be crystallized from aqueous solutions.§ The method of preparation usually 
employed consists simply of preparing an intimate physical mixture of two appropriate 
oxides and heating this mixture to a temperature sufficiently high to cause the reaction 
of one solid with the other and the formation of a new phase. If the purity and 
homogeneity of the product is considered, a number of difficulties arise. Compositions 
corresponding exactly to the formula MFe,O, are approached with an increasingly 
refined technique. It is necessary to use the purest, assayed simple oxides, accurately 
weighed, intimately mixed and reacted without the preferential loss of one reactant or 
the introduction of non-volatile impurities. Complete homogeneity usually requires 
that the first product be thoroughly pulverized and ignited a second or third time. 


* The work reported in this paper was performed at Lincoln Laboratory, a centre for research operated 
by Massachusetts Institute of Technology with the joint support of the U.S. Army, Navy and Air Force 

* Lincoin Laboratory, Massachusetts Institute of Technology 

§ Fe,0,, CoFe,0, and MnFe,O, when coprecipitated by alkalis from solutions of soluble salts, although 
largely hydrous, contain the ions sufficiently ordered to exhibit spontaneous magnetization 
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This is particularly true of ferrites prepared from very refractory materials such as 
MgO. 

Several variations of the direct synthesis of ferrites have been devised that make 
use of substances which yield the component oxides in a very reactive, finely divided 
condition following thermal decomposition. Summary discussions of ferrite syntheses 
have been given by Economos", FResH', and Wetcu™?. 

An interesting synthetic method first described by HILPERT and WiLLe™ appears 
to have been neglected in recent years. These authors prepared several ferrites by a 
solid-state, double-decomposition reaction which can be represented by the following 
equation: 

Na,M,**O, M**M,**O, + 2NaCl 
This procedure can be used advantageously when the more common methods become 
difficult as in the preparation of mixed oxides containing FeO or in the preparation of 
mixed oxides containing very refractory components. We have successfully prepared 
a very pure Fe*’ Fe,**O, (Fe** /(Fe° Fe®*) — 0-3337) by this procedure and several 
other mixed oxides including Fe®*Cr,**O,, Ti**O, and Fe** Al,O,. 

The synthesis of ferrites from mixed oxalates is a very easy one to carry out in the 
laboratory and in several cases yields homogeneous products in a very short time. 
It has been demonstrated that ferrous oxalate dihydrate, FeC,O,2H,O, can be 
coprecipitated from boiling solutions of salts with the corresponding oxalates of 
manganese (II), cobalt (11), nickel (11) or zinc in the form of mixed crystals.’ The 
products are finely crystalline, free-flowing powders which are easily handled and 
contain the iron and other metals mixed on an atomic scale. The mixed oxalates are 
decomposed to ferrites upon heating in the presence of air; only relatively low 


temperatures are required except in the case of manganese ferrite. Values for the 
atomic ratio Fe/M deviating by less than | per cent from the theoretical value of two 


are seldom obtained. This fact is a consequence of small differences in the solubility 
and the tendency of the oxalates to form supersaturated solutions. 

\ high ignition temperature is required to produce a single-phase manganese 
ferrite. At temperatures below approximately 1000°C the material in equilibrium 
with air is composed of two phases, an Mn,O, phase (c-rare-earth oxide structure) 
and an x-Fe,O, phase (corundum structure)."*’ At higher temperatures (up to ca. 
1300°C) a single phase can exist, but it still contains excess oxygen. It is true for all 
the ferrites, because they contain transition metals which can exist in several oxida- 
tion states, that the preparation of a stoicheiometric, single-phase material must take 
into account phase-composition-temperature-oxygen pressure relationships. PALA- 
DINO has determined the phase equilibria for the systems Ni-Fe O," and Mg-Fe 
O'*) in the ferrite region for temperatures 1000 to 1300°C and for oxygen pressures 
from 10°? to | atm. In the preparation of magnetiie, Fe**Fe,**O,. which contains a 
i Economos, J. Amer. Ceram. Soc. 38, 242, 292 (1955). 

L. Fresu, Proc. 1.R.E. 44, 1303 (1956) 

J. E. Wewcn, Proc. Inst. Elec. Engng. 104, Part B, Suppl. No. 5, 138 (1957) 

Hitpert and A. Witte, Z. Phys. Chem. 18 B, 291 (1932) 

G. WicknHam, M.1.T. Lab. for Insulation Res. Tech. Report No. 89 (1954) 

Mason, Dissertation, Geologiska Fdéreningens i Stockholm Férhandligar 65, 97 (1943). 

. E. Patapino, J. Amer. Ceram. Soc. 42, 168 (1959). 

E. PaLapino, Raytheon Mfg. Co., Research Studies and Investigations of the Solid State Chemistry of 


Ferrites, Final Report, Jan. 15, 1958 to Jan. 15, 1959; Signal Corps Contract DA-36-039-sc-74987, DA 
Project Task No. 0095—ph—58-91 


Vol, 
14 
1960 


mes. 
ae 
ag 


The preparation of stoicheiometric ferrites 219 


single transition metal in two oxidation states, obtaining the correct Fe/M2* ratio and 
the correct oxygen content can become a single problem. In the preparation described 
by Smittens’® the oxygen pressure is continuously varied toward lower values as the 
iron oxide is cooled from high temperature in order to provide the necessary equilibrium 
conditions. At very high temperatures (> 1400°C) in the air the other ferrites MFe,O, 
are dissociated appreciably with the formation of ferrous iron and elevated oxygen 
pressures are necessary to maintain stoicheiometry..!") The presence of Fe,O, in 
excess of that represented by MFe,O, enhances the formation of ferrous iron and can 
produce an increased electrical conductivity." Fine powders, however, which have 
become dissociated in the air at high temperature are reoxidized if cooled very slowly 
to lower temperatures. 

Success in obtaining the correct Fe/M ratio in most of the procedures mentioned 
above depends upon beginning with accurately weighed quantities of materials of 
known composition and bringing about their combination and reaction without 
disturbing this balance. The procedures described below yield values for the ratio 
Fe/M very close to 2 : | as a natural consequence of the reactions carried out. 


EXPERIMENTAL 


Preparation of stoicheiometric ferrites 


WEINLAND and Hovtmerer'* have described the preparation of the double basic acetates 
= Co. NiXD and Mg, Mn, 
Co, Nid). They have also described the preparation of the compounds M,Fe,(CH,CO,),.0, 
OH-12C,.H,N(M Co, Ni)(IID which crystallize upon cooling hot solutions of (1) in pyridine 
The latter type compounds we have found to be useful in the synthes f ferrites. The con pounds 
(III) contain the iron and divalent metal in the ratio of 2: 1, and can be purified by repeated re- 
crystallization from pyridine. The crystals, in addition to M and iron. c ntain only organic material 
which can be decomposed by heating in air. When ignited under the proper conditions, the de- 
composition product is a ferrite, MFe,O,. We have found that the compounds (II) mixed with 


appropriate quantities of normal acetates, M(CH,CO,),, can be dissolved in pyridine, and from 


these solutions the compounds (IIT) will crystallize also: in this case M can be Mg or Mn as well as 
Co or Ni. The magnesium and manganese Compounds were found to give X ray powder patterns 
almost identical with that of the cobalt compound and to contain the correct iron to metal ratio 


Analogous copper and zinc compounds could not be prepared 
Procedures 


to the method described by WeINLAND and Hol TMEIER'**’ from solutions of Ni(NO,), and Fe(NO,), 
and Na(CH,CO,),. The washed and dried precipitate is dissolved in hot pyridine (see Table 1 for 
approximate quantities), solution is filtered hot and allowed to cool and to stand for several hours. 


|. Nickel ferrite. The basic double acetate. Ni,Fe,(CH,CO,),,(OH),-23H,0 is prepared according 


The yield can be increased by evaporating the solution until crystals begin to form. The large dark- 
brown crystals of Ni,;Fe,(CH,CO,),.0,OH I2py (py = pyridine) which separate on the bottom of 
the vessel are collected on a suction filter and washed with a few millilitres of cold pyridine. This 


product is then twice recrystallized from chemically pure pyridine 

The purified pyridinate crystals are crushed and placed in a shallow platinum dish which is care- 
fully heated to drive off the pyridine without permitting a liquid phase to form from which it is 
possible an iron or nickel-rich phase could segregate. The temperature is then slowly raised to burn 
off the bulk of remaining organic material. Before the temperature is increased above 200-300°C, the 


* J. SMicteNns, J. Chem. Phys. 20, 990 (1952). 
'!) S. W. KINGsNorTH, Thesis, Univ. of London (1950) 
(1) M. W. Suarer, /.B.M.J Res. Dev. 2, 193 (1958) 
2) W. Gorter, Proc. 43, 1959 (1955) 
8) L. G. Van Urtert, J. Chem. Phys 23, 1883 (1955) 
4) R. WEINLAND and H HoutMeier, Z. Anorg. Chem 173, 49 (1928); Gmewin, Handbuch der Anorganischen 
Chemie (8th Ed.), Eisen, Teil B. System Nummer 59, pp. 1064, 1152, 1157, 1163 (1932) 
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TABLE 1.—PREPARATION OF THE COMPOUNDS M,?*Fe,(CH,CO,),,O,(OH):12C,;H;N 


Starting materials Vv 
é olume of No. of recrystal- | Yield | 7 
pyridine lizati yn (g) 
avions “4 
Compound | Quantity (g) solvent § 
MgFe,(AcO),(OH),"10H,O 69 500 54:1 | 
Mg(AcO),-4H,O 8:1 


MnFe,(AcO),(OH), 
Mn(AcO),-4H,O 


CoFe,(AcO),(OH), 
Co(AcO),°4H,O 


8H,O 


Co,Fe,(AcO),.(OH),°23H,O 


29 33 


Ni, Fe,(AcO),,(OH),:23H,O 75 500 


material is placed in an agate mortar and carefully puverens Again in the platinum dish the 
powder is heated, finally to 1000°C, always in a liberal supply of air in order to completely oxidize 
any residual carbonaceous material. The ignition is interrupted a second time to grind the powder in 
an agate mortar. The ferrite obtained after ignition for 48 hr at 1000°C gives the chemical analyses 


and properties listed in T able 2 

2. Cobalt ferrite. Cobalt ferrite can be prepared in a manner exactly analogous to that for nickel 
ferrite. It is found that the use of a mixture of the salts, CoFe,(CH,CO,),(OH),8H,O and 
Co(CH,CO,),4H,0 (see Table 1) can be used in place of the salt, Co,Fe,(CH,CO,),.(OH),'23H,O 
to prepare the pyridinate. The compounds (II) are prepared with better yields than compounds (I). 

3, Manganese ferrite. The pyridine solution of manganous acetates appears to be unstable 
toward oxidation by the air. The preparation is conveniently carried out in the absence of air with 
the aid of a Sohxlet extraction apparatus. A 11., three-necked flask is fitted with the Sohxlet extraction 
tube and condenser, a gas delivery tube, and a stopper. The extraction-tube has a draw-off tube 
and a stopcock at the bottom The acetates are placed in the flask and a slow stream of nitrogen is 
passed into the flask through the delivery tube and leaves the system through the condenser. When 
the air has been flushed from the system, hot pyridine is run into the flask to dissolve the acetates and 
the solution is brought to boiling. The distillate which collects in the extraction tube is drawn off 
until crystals just begin to form. The nitrogen strearn is maintained until the pyridine solution is 
cool and the crystals of the pyridinate have separated. The recrystallization is carried out in the 
same manner with this modification: the crystals are placed in a paper thimble held in the extraction 
tube, so that the solution is filtered before it is siphoned into the flask below. The thimble cannot 
be used in the first crystallization because the first pyridine solution to form will be sufficiently rich 
in water to be eos 1 by hydrolysis. The final ignition to the ferrite must be carried out at a 
high temperature and the product quenched through the temperature region where two phases exist 


(see Table 2) or cooled under an equilibrium oxygen pressure which would have to be continuously 
1 


varied with decreasing temperature 
4. Magnesium ferrite. The compound Mg,Fe,(CH,CO,),,0,-OH I2py can be prepared in the 
manner indicated in Table 1. When ignited it yields a magnesium ferrite 


Chemical and physical measurements 

In order to identify the products, each of the ferrites prepared was chemically analysed. The 
cubic lattice constants were determined with the aid of powder patterns taken with a Philips Norelco 
diffractometer using Fe-K, radiation. The magnetization values were determined at 4-2°K in a 
field of 10,000 oersteds using the vibrating coil magnetometer.’ The results of these measurements 


are given in Table 2 


(18) K. Dwicut, N. Menyuk and D. Situ, J. Appl. Phys. 29, 491 (1958). 
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In order to study the electrical conductivity, it was necessary to prepare ceramic specimens. 
The ferrite powders were pressed into disks approximately in. diameter and jin. thick. The 
magnesium and cobalt ferrite specimens were fired at 1200°C, the nickel ferrite specimens at 
1100°C, and all slowly cooled to room temperature. Silver contacts were baked onto the faces of the 
disks. The disks were placed in an appropriate sample holder and immersed either directly into a 
constant-temperature, silicone-oil bath or placed in a tube which isolated the sample from the bath. 
It was discovered that nickel and magnesium ferrites reacted with the oil at temperatures of ca.200°C 
while cooan ferrite appeared to be stable. Measurements below room temperature were made by 
immersi:g the sample and holder in various freezing mixtures. Direct current resistances as a function 
of temperature were measured with the aid of a wheatstone bridge above room temperature, with a 
Kiethly Megohmmeter below room temperature. The results of these measurements are shown 
graphically in Fig. | 
RESULTS AND DISCUSSION 

The results of the chemical analyses given in Table 2 indicate that the preparative 
methods described above were reasonably successful for manganese, cobalt and nickel 
ferrites. The low value for the Fe/Mg ratio (1-954) obtained for magnesium ferrite is 
believed to be a consequence of the instability of a boiling pyridine solution of 
magnesium and iron acetates. An attempt to refine the procedure in this respect was 
abandoned when PALADINO'? discovered that a composition corresponding to the 
formula MgFe,O, does not appear to be obtainable as a single-phase under ordinary 
conditions. The coinposition corresponding to a Fe/Mg ratio equal to 1-95 is single 
phase and can be written (MgO)p».99,.MgFe,O,. 

Manganese ferrite contains 0-034 equivalents per mole excess active oxygen 
when prepared as described above. This corresponds to a formula approximately 
MnFe,O,.9,;._ A careful X-ray examination failed to reveal the presence of anything 
but a spinel phase. The correct oxygen content could perhaps be obtained by quench- 
ing from a slightly higher temperature. 

Chemical analysis of cobalt ferrite also revealed the presence of a small amount of 
excessive active oxygen, 0-004 equivalent/mole. SmicTens,“"® and JONKER"”) have 
shown that a small excess of cobalt in cobalt ferrite will assume a 3+ oxidation state 
and replace 3+ iron. The formula of the compound listed in Table 2 thus would be 
Fe®*[Co** Co}, Fes, Which gives a ratio Fe/Co equal to 1-988 in agreement with 
that of 1-990 + 0-01 computed from values obtained by determination of total iron 
and cobalt. 

The lattice constants listed in Table 2 are in very good agreement with the best 
values given in the literature. Values for MnFe,O, reported in the literature have 
varied widely (8°45-8-55 A). This is probably caused by differences in composition 
which depend upon the method of preparation. 

The saturation magnetic moments (n,,), with the exception of that for manganese 
ferrite, are also in good agreement with accepted values. The value of my is less 
sensitive to small departures from stoicheiometry than it is to variations in the thermal 
history of the sample which influences the distribution of cations between the tetra- 
hedral and octahedral sites of the spinel structure. 

The ferrites are semiconductors for which the d.c. resistance can be given by the 
formula, p = py exp(+g/kT) where p, and q are experimental constants, T is the 
absolute temperature and p is the observed resistance. The value of p actually 
observed for a polycrystalline specimen has limited significance because it depends 


16) J. SmicTens, J. Amer. Chem. Soc. 79, 4881 (1957). 
"7 G.H. Jonxer, J. Phys. Chem. Solids 9, 165 (1959). 
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greatly upon the physical nature of the specimen, the average grain size. homogeneity 
etc. The value of g, which may be obtained from a plot of log p vs. //T, is believed to 
be more characteristic of the material. The graphs of log p vs. 1/T which were obtained 
for the ferrites listed in Table 2 are presented in Fig. | Manganese ferrite was not 


1000/T, 


Fic. 1.—Log p as a function of 1/T for several ferrites 


studied because good ceramic specimens could not be prepared by the method 
described above for obtaining a nearly correct oxygen st: icheiometry. The values of 
q given by the high-temperature portions of the curves in Fig. | are 0-514 eV, 0-574 eV. 
0454 eV for magnesium ferrite (Fe/Mg = 1-954) cobalt ferrite and nickel ferrite, 
respectively. The slightly different slopes of the low-temperature portions of the 
curves is ascribed to experimental error associated with the measurements of resistiv- 
ities greater than ca. 10° (em. These relatively high values for qg indicate the absence 
of any significant amounts of ferrous iron in th: products 

JONKER"” has carried out a very thorough investigation of the semiconducting 
properties of cobalt ferrite. The value of g which he is able to calculate for the 
composition Co®* Co) jn,Fe? joeO, is exactly that which we have observed, 0-57 eV. 
The Seebeck voltage for a specimen of this same composition is found to be +350 
“#V/ C again in agreement with the value predicted by JoNKER. Physical measurements 
in this case thus confirm the formula determined by chemical analysis 

It is observed in Fig. | that two samples of nickel ferrite with different ratios Fe Ni, 
2-03 and 1-997, give identical values for g. This fact is in accord with the recent phase 
studies of PALADINO™ who has found that under equilibrium conditions for oxygen 
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pressures equal to or greater than 10~* atm it is impossible to prepare single-phase 
spinels deviating from the stoicheiometric formula NiFe,O,. The sample with the Fe/ 
Ni ratio equal to 2:03 (prepared from mixed oxalates) should contain a little Fe,O, 
precipitated between the grains of NiFe,O, and offer a slightly higher electrical 
resistance."*) The fact that the observed resistance of this material is higher than that 
of the pure ferrite (Fe/Ni = 1-997) is significant because the density is considerably 
greater and for this reason should offer a lower resistance (the pure materials exhibited 
a pronounced reluctance to sinter as pure materials often do). 

The matter oftraceimpurities has not been examined and no spectroscopic analyses 
have been performed. The “pyridine method’’, however, would seem to be applicable 
to the preparation of manganese, cobalt, and nickel ferrites very low in trace impurities, 
because easily obtainable very pure salts are available as starting materials and the 
pyridinate precursor of the desired ferrite can be repeatedly recrystallized if necessary. 
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Abstract—The two molybdates (1V) BaMoO, and SrMoO, form an unlimited series of solid solutions 
of the type Ba,Sr,,_.,.MoO,. Thermal e.m.f and resistivity measurements on several compounds of 
this system were performed. The pure compounds BaMoO, and SrMoO, were found to have a 
perovskite structure between room temperature and 1000°C. The cell constants vary linearly with 
temperature. 


Except for the compounds Zn,Mo,O, and Mg,Mo,0,, which MUTHMANN"? pre- 
pared in a somewhat impure form (McCCAROLL ef a/.') very recently confirmed 
these compounds and determined their structure) no molybdates(IV) were reported in 
the literature, until SCHOLDER and BrixNner®? described the preparation of BaMoO, 
and SrMoO, by the hydrogen reduction of their corresponding molybdates( V1). 
Although these compounds, being of the perovskite type, are structurally identical 
with their titanium and zirconium analogues, they are quite different in their electrical 
properties. While the titanates and zirconates are essentially insulators with resis- 
tivities in the order of 10'° Q cm the corresponding molybdates are good conductors 
of electricity, with resistivities in the 10-100 4&2 cm range. Contrary to the titanates 
and zirconates, the molybdates are deeply coloured. These properties are related to 
the electronic configuration of the molybdates(IV), which in contrast to the zirconates 
and titanates, exhibit d-electrons in the N shell. While there are many semiconducting 
binary and ternary oxides known, such as NiO, CuO, ZnO, and GeTiO,, with 
resistivities in the 10°-10® 22 cm range, BaMoO, and SrMoO, are metal-like conductors 
with a positive temperature coefficient of resistivity, much like the tungsten bronzes, 
although there is no homogeneous range for St, MoO, (x < 1) as there is for Na, WOs. 


EXPERIMENTAL 


Preparation of reactants 


The molybdates(V1I), SrMoO, and BaMoO, were prepared both by a solid state reaction between 
MoO, (Baker's c.p.) and SrCO, and BaCO, (Baker and Adamson’s reagent grade) and by precipitation 
of ammonium molybdate (Mallinckrodt, analytical reagent) with BaCl, and SrCl, (Baker and 
Adamson’s reagent grade). Within the analytical errors both preparations were identical. After 
firing at 1000°C for 2-6 hr, the analysis of these compounds gave 46°55°, Ba (calc. 46-20%) and 
32:22, Mo (calc. 32:27%) for BaMoO, and 35-01% Sr (calc. 35-39°%) and 38-14°% Mo (calc. 
38-76%.) for SrMoO,. According to ScHoLDEeR and Brixner, BaMoO, and SrMoO, were obtained 
by hydrogen reduction at 980°C and 850°C respectively. The completeness of the reduction was 
checked by weight loss determinations. The weight loss of the molybdates(VI) upon heating in 
hydrogen was within a fraction of a percent of the theoretical for conversion to the corresponding 
') W. MUTHMANN, Liebigs Ann. 238, 136 (1887). 


") W. H. McCarott, L. Katz and R. Warp, J. Amer. Chem. Soc. 79, 5410-5414 (1957). 
R. ScHoiper and L. H. Brixner, Z. Naturf. 10 B, 178 (1955). 
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molybdate(1V) was found that even doubling of the reaction time did not result in a reduction 


It 
beyond the oxidation state(IV), indicating that these compounds are stable with respect to hydrogen 


under the given conditions 
For the solid solution studies, the compounds were accurately weighed, mixed and ball-milled 


under argon in a mechanical agate mortar to a particle size of 325 mesh. These mixtures were then 


pressed at 50-100 tons, in* into bars, | in. square and 2 in. long, and finally sintered under purified 


argon (Zr/Ti gettered) at 1200-1500 C for 2-4 hr. The specimens obtained in this fashion were used 


directly for the electrical measurement Samples for the X-ray studies were cut from the centers of 


the bars. The densities of the as pressed bars were approximately 60 per cent of theoretical, which 


increased to a maximum of 90:8 per cent after vacuum sintering. Some of the data are summarized in 
Table | 


TABLE 1.—DENSITY VS. SINTERING TEMPERATURE FOR SrMoO, 


Sintering temperature Density 


Number 
! ( C) (Held 2 hr) (g ml-*) theoretical 


60-0 
64:4 


85-6 


5 1450 (Vacuum) 5-54 


Sample number 5 was sintered by induction heating in vacuo. Arc melting and zone melting were 
I 5 


attempted as other means of densification, but in both cases disproportionation occurred, indicating 
that the compounds do not have a congruent melting point. Despite the fact that vacuum sintering of 
nductively heated samples produced higher densities, sintering under flowing argon was adopted isa 


Samples of the compos n Ba,Sr MoO, with x |, 0-75, 0-5, 0-25 and 0 were prepared in the 
manner described above. X-ray powder diffraction patterns were taken with a Phil ps 1146mm 
diameter camera at 24-5 (¢ The samples were sealed in 0-2 mm diameter Lindemann glass capil 
laries and exposed to the Kx radiation of copper (/ 1-S418 A) for between 4 and 6 hr. All readings 

*n at constant tem re and corrected for film shrinkage 


LATTICE PARAMETERS FOR THE SOLID 
SOLUTIONS Ba,Sr MoO 


T 


(A) 


4.0404 0-0003 


0-75 4-025 0-001 

0-50 | 4-009 0-001 

0-75 3-99? 0-001 


0-0003 


Accurate parameters were obtained by extrapolating a, vs. 4[cos* 0 sin 0 cos* 4/6] according to 
NELSON and Ritey'*’. Table 2 summarizes the lattice parameters; Fig. 1 shows that a Vegard’s Law 


dependence is observed. By an inspection of the nominal values of a, plotted against x in Fig. 1, an 


apparent but slight negative deviation from Vegard’s Law is observed. A least-squares treatment of 


‘*) J. B. NELson and D. P. Ritey. Pr Phys. Soc. $7, 160 (1945) 
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the data yields the equation, a,(x) = (39756 + 0-0005) + (0-0654 + 0-0008)x (in which the errors 
are standard deviations), which enables one to state quantitatively that any negative curvature is only 
apparent and that within the precision of the data Vegard’s Law is obeyed. The apparently good 
Vegard’s Law behaviour may be explained by the chemical and steric similarity of the two components. 


| 


7 A. ‘ A 
39795 75 50 25 0 
x 


Fic. 1.—Vegard's law dependence for Ba,Sr,, MoOy. 


The accuracy of the lattice-constant determinations is limited only by the angular measurements. 
The reported errors are standard deviations. 

The lattice parameters for both BaMoO, and SrMoO, were also determined as a function of 
temperature in a 114-6 mm diameter Chesley high temperature camera. For this purpose the samples 
were sealed in quartz capillaries, and powder patterns were taken at 200°, 450°, 850° and 1000°C for 
SrMoO, and at 150°, 450°, 850° and 1000°C for BaMoO,. The a-1 lines of the split back reflexions 


TEMP, 


Fic. 2. 


-Lattice parameters vs. temperature. 


were plotted against sin* 6 for the parameter determination, which can be expressed as the following 
function of temperature: for StMoO,, a, = 3-49 x 10-*T(°C) + 3-9746; for BaMoO,, a, = 3-95 x 
10-*T(°C) + 40395. Fig. 2 gives a graphical representation of the results. 

(All determined parameters were within +0-001 A of the calculated values.) Itcan be inferred from 
the lack of any new powder lines and also from the lack of a change of intensity ratios that structural 
changes do not occur. The 2-1/a-2 splitting of the lines of the 1000°C pattern was as pronounced and 
as Clear as it was at room temperature, indicating that there was essentially no change in crystallite 
size. The linear expansion of SrMoO, is 3-62 x 10-* Arc; 400 x for BaMoO,,. 
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MICRO OHM CM 


TEMP, 


Fic. 3.—Temperature vs. resistivity for SrMoQ,. 


EMF MICRO VOLTS 


8 


20 40 60 80 100 
ST,°C (Lower T~ 25°C) 


Fic. 4.—Thermoelectric e.m.f. for polycrystalline SrMoO,,. 


TABLE 5.—SEEBECK COEFFICIENT OF SOME COMPOUNDS OF THE 
Ba_,Sr,_,.MoO, system 


Conductivity 
(average values) ({2-' x 


l 4-00 1-06 
0-75 1-52 1-82 
0-5 1-40 1-01 
0-25 4-48 1:56 

0 5-35 1-27 


copper blocks, turned from the same piece, one of which was heated by means of a heating tape, the 
other was water-cooled with a coil soldered on the block. Thermocouples were located in holes 
drilled to the centre of the bar directly behind the contact face. The voltage was measured with a 
type K potentiometer. Fig. 4 represents a typical thermal e.m.f. vs. AT plot, for SrMoO,. Table 5 
summarizes some of the data for the other phases. 
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Since for most metals S < 10 x 10~* V/°C and since the thermovoltages observed for the investigated 
compounds are also in the order of a few microvolts per degree, we again find a metallic behaviour. 


Thermal conductivity measurements 

The apparatus used for the measurements of the thermal conductivity of the compounds consisted 
essentially of a vacuum chamber, whose walls acted as a heat sink and to which one end of the bar 
sample was clamped. To the other end of the sample was soldered an electrical heater whose d.c. 
input power could be measured. A differential copper-constantan thermocouple was used to measure 
the temperature drop along the sample under steady state conditions. Both the temperature drop 
and cross-section and length measurement are subject to 5 per cent error, so that the results taken at 
room temperature should be accurate to approximately 10 per cent. Measurements were made at 
room temperature and with liquid nitrogen as a bath. The results are summarized in the following 
table. 


TABLE 6.—THERMAL CONDUCTIVITY DATA 
Thermal conductivity (W/cm°C) 
25°C —175°C 


Compound 


Sry.sBay.sMoO, 0-23 0-43 
MoO, 0-23 
BaMoO, 0-24 
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Abstract— Potassium hexatitanate, K,Ti,O,,, m.p. 1370 — 15°C congruent, is obtained from the 
K,O-TiO, system in supercritical water or molten KCI in the form of colourless fibrous crystals 
0-1-5 #, averaging about | », in cross sectional dimensions and up to more than | cm in length. 
Crystals of similar fibrous form obtained from K,O-TiO,-KF melt systems in molten K( | appear 
to be a thermally and hydrolytically unstable potassium oxyfluotetratitanate isostructural with 
potassium (etratitanate. K,Ti,O,. The fibrous potassium oxyfluotetratitanate is converted by water 
extraction followed by heat treatment to potassium hexat:tanate without any change of crystal form. 
Syntheses, structural characteristics, and physical and chemical properties of new fibrous potassium 
titanates are described 


POTASSIUM metatitanate K,TiO, and dititanate, K,Ti,O,, are well known compounds 
in the K,O-TiO, system."’ The loosely bound alkali in these hygroscopic compounds 
is readily extracted to varying extents by water and acids with some retention of the 
original crystal form. The resulting products therefore have higher titanate composi- 
tions, but it has been questioned''’ whether these compositions represent compounds. 
In other reports of higher titanates of potassium, Ryan and Knorr obtained 
X-ray diffraction evidence for K,Ti,O, and K,Ti,O,, in the products of firing 
TiO,/K,CO, mixtures in mole ratios of one through six. Newnaus er ai. also 
observed formation of these same compounds during cooling of K,Ti,O,-TiO, melts. 
A hexatitanate composition, in this case of sodium, Na,Ti,O,,, has been mentioned 
as the product of heating Na,Ti,O,,. 
Reported in this paper are 
(1) several syntheses of potassium hexatitanate via hydrothermal” and simple 
and flux melt reactions of TiO,-K,O and alteration thereto of a potassium 
oxyfluotetratitanate 
(2) a strikingly fibrous crystal habit of potassium hexatitanate and its dependence 
upon synthesis conditions; and 
(3) some X-ray structural and physical and chemical properties of potassium 
hexa- and related titanates. 


EXPERIMENTAL 


Materials 
Reactants were analytical reagent grade chemicals from conventional sources Potassium car- 
bonate and titanium dioxide were dried by heating at 800 C. cowled and stored over phosphorus 


* Presented at the 136th meeting of the American Chemical Society, September, 1959. 


Gmewun, Handbuch Anorge. Chemie. 8 Aufl., Syst. Nr. 41 “Titan (1951) 

W. Ryan and J. R. Knorr, U.S. Pat. 1929521 

A. Nevwaus, O. Scumitz-DuMont and H. Zur Aenntnis der Alkalititanate, Forschungs- 
berichte des Wirschafts- und Verkchrsministeriums Nordrhem-Westfalen Nr. 190 (1985): 
DuMont and H. RecknHarv, Monatsh. Chem. 90, 134 (1959) 

F. von Brcnowsky, U.S. Pat. 1731364 

PL. T. E. and H. S. Youna, U.S. Pat. 2833620 

K. L. Berry. U.S. Pat. 2841470 
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pentoxide in a desiccator. Potassium halides were fused in platinum, cast into a chilled nickel dish, 
cooled and stored over phosphorus pentoxide or under dry nitrogen. 


Apparatus and procedures 

Syntheses. Hydrothermal reactions were conducted in collapsible platinum capsules fabricated 
from 0-25 in. to 1-0 in. diameter platinum tubing having 0-005 in. wall thickness and employing 
crimped and welded end closures. The capsules were charged with desired proportions of titanium 
dioxide and of potassium hydroxide in 10 N solution or potassium carbonate and water leaving at 
least 25 per cent free volume containing air or nitrogen in order to avoid capsule bursting during the 
heating cycle. The encapsulated reactants were placed in a pressure bomb which was pressured with 
water to about 1000 atm and then heated. Peak reaction conditions in the range 400-700°C at 
pressures to 3800 atm were maintained up to about 3 hr followed by slow cooling under pressure to 


promote crystal growth. The capsules were cut open to obtain the products which were treated with 
boiling 6 N hydrochloric acid, filtered, washed with water until chloride free and dried in a vacuum 
oven at about 120°C 

Solid state reactions between ball-milled reactants and melt reactions in bulk and in molten salt 
solutions and fluxes were conducted in platinum dishes in a muffle furnace or in platinum test iubes 
supported in mullite tubes in a heavy-duty combustion-tube furnace. Slow cooling for controlling 
crystal growth was achieved by decreasing the temperatures of the furnaces or, in the latter case, by 
slowly withdrawing the mullite tube so that the charge was moved through the decreasing temperature 
gradient in the furnace 

Analyses. For determinations of titanium, samples were chemically dissolved by digesting in 
hot concentrated sulphu cic acid containing ammonium sulphate. The resulting solution was treated 
with amalgamated zinc in a Jones reductor to reduce titanium to Ti**+ which was then titrated with 
standard (0-1 N) ferric alum solution employing potassium thiocyanate as indicator 

Potassium was determined by flame photometry incorporating an “internal standards” technique'*? 
as follows. The sample was placed in a platinum vessel and dissolved by digesting with a hot mixture 
of concentrated hydrofluoric and hydrochloric acids. This solution was divided into six aliquots to 
five of which potassium chloride was added to give concentrations of | through 5 p.p.m. of added 
potassium. All six solutions were aspirated into a hydrogen-oxygen flame and the emission intensity 
at 768 my determined. From the plot of intensity versus concentration, which is linear, the amount of 
potassium in the aliquot to which no addition had been made was found by extrapolation. 

Differential thermal analyses were conducted employing apparatus similar to that described by 
Stone.'* Temperatures to about 1400°C were possible by use of furnace windings, sample holders 
and thermocouples fabricated from platinum and platinum-rhodium alloys. 

X-ray diffraction patterns were obtained with CuXK= radiation. Powder patterns were recorded 
in a Debye-Scherer powder camera or with a G. E. XRD3 diffractometer. Observations on single 
crystals were made with a Weissenberg camera and a Buerger precession camera 


RESULTS AND DISCUSSION 

The most important syntheses of higher titanates of potassium and inter- 
relationships of compounds and crystal habits to be discussed are diagrammatically 
illustrated as follows: 


6 Ti0,/K,0 4 to 6 Ti0,/K,0 
| supercritical | 
water or 
melt | 1400-1500 . molten KCI molten | KC] + KF 


\ 


from melt water extract re > 
2°*6™13 and heat fibrous 
prismatic super tical fibrous mature 
(Fig. 2) water or (Fig. 1) 
molten KC! 


‘7. W. M. THORNTON, Titanium. Amer. Chem. Soc Monograph *33, pp. 145-146 (1927); A.S.T.M., 
Triennial Standards 426 (1930) 

‘®) T. J. Cuow and T. G. THompson, Analyt. Chem 27, 18 (1955) 

') R. R. STONE, Amer. Ceram. Soc. J. 35, 76 (1952) 
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As will be evident, potassium hexatitanate has a characteristic structure of relatively 
high stability but represents here the compositionally stoicheiometric end point which 
is attainable only under special conditions. 


Syntheses of fibrous potassium titanates 


Hydrothermal synthesis of potassium hexatitanate. All hydrothermal preparations 
of potassium titanate yielded products having the fibrous crystal habit (Fig. 1) 
affording the same characteristic X-ray diffraction pattern regardless of (1) use of 
potassium hydroxide or carbonate as the alkali source, (2) reactant ratios of 7 10,/K,0 
in the range 1/1 to 1/12, and (3) a range of pressure-temperature conditions in the 
supercritical region. Complete reaction of the titanium dioxide in a given time as 
detected by microscopic and X-ray examination of the products is favoured by 
TiO,/K,0 ratios below 4 and use of the finest particle size (<1 mw) titanium dioxide. 
Optimum results were obtained employing reactants ratios of MO,/K,0 = 34 at 
625°C/3000 atm for 3 hr followed by the slowest practical rate of cooling, at least 
through the initial range of approximately 200°C. 

Potassium dititanate, K,Ti,O,, prepared by melting 2Ti0,/K,CO,,® js an 
operable source of both reactants, and is converted in supercritical water to fibrous 
crystals of potassium hexatitanate and alkali in the aqueous phase. 

Analyses for potassium and titanium in the crystals after acid extraction cor- 
responded to the variable composition K,0-6 8110, which was also indicated by 
quantitative materials balances. Such balances were obtained by complete reaction 
of weighed amounts of titanium dioxide with excess potassium carbonate followed by 
potentiometric titration of the whole reaction mixture with standard 0-1 N hydro- 
chloric acid to determine excess and extracted alkali and weighing the product to 
indicate the amount of K,O combined with the titanium dioxide. Reversible ion 
exchange properties of the fibrous crystals, described later, indicated the validity of 
this procedure. 

Melt synthesis of potassium hexatitanate. The extracted fibrous potassium 
hexatitanate from hydrothermal synthesis melted sharply on an electrically heated 
tungsten ribbon’ at 1370 + 15°C and, upon cooling, crystallized to coarse, 
macroscopic needles of K,Ti,O,, containing rutile in small amount depending upon 
the Ti0,/K,0 ratio of the extracted fibres. Potassium hexatitanate in this prismatic 
habit dissolved to a slight extent in molten potassium chloride and recrystallized 
therefrom in the original fibrous habit when the crystallization temperature was 
below approximately 1000°C. Since the equilibrium s ylubility appears to be less 
than I per cent by weight at temperatures approaching the boiling point of potassium 
chloride, significant quantities of recrystallized product were prepared in several 
hours by steady state recrystallization through a temperature gradient in the melt. 
The prismatic form was maintained in a 1050—1100°C zone in the melt and the fibrous 
form crystallized continuously in a felted mass from melt zones at 900-1000°C. These 
fibrous crystals could be scooped intermittently from the melt or recovered from the 
salt after freezing and dissolving the latter. This temperature gradient recrystallization 
in molten potassium chloride is also operable on TiO,/K,CO, products which have 
been either prereacted in bulk or in the molten potassium chloride. At 

4. H. Scuutz, Dissertation, Bonn (1947) 

‘) W. O. Starton, J. Chem. Phys. 19, 33 (1951). 
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TiO,/K,CO, <6 ratios, lower titanates separate from the mother liquor upon freezing. 
These were separated from the hexatitanate by extraction with molten potassium 
chloride or acid solutions. 

The synthesis of fibrous potassium hexatitanate in molten potassium chloride 
permitted its isolation without exposure to aqueous extraction and its identification 
by chemical analysis. Isolation was accomplished by removing fibrous crystals from 
molten potassium chloride, washing them with fresh portions of the latter followed 
by expressing and evaporating the considerable imbibed potassium chloride in an air 
stream at 1200'C. Immediately after disappearance of chloride from the crystals they 
contained K 13-5, Ti 50-74 per cent; calculated for K,TigQ,,: K 13-63, Ti 50-10 
per cent. As the severity or duration of evaporating conditions was increased beyond 
the minimum necessary to remove chloride, the composition of the titanate became 
non-stoicheiometric and alkali appeared in the potassium chloride condensate. 

Syntheses of potassium tetratitanates. In an effort to circumvent the low solubility 
of potassium hexatitanate in molten potassium chloride and the resulting low rate of 
recrystallization of the prismatic to the fibrous habit, potassium fluoride was added to 
the potassium chloride melt. Titanate solubility increased progressively with fluoride 
concentration, and melts of KCI/KF eutectic (55/45 mole per cent respectively) 
containing up to at least 10 per cent by weight of potassium hexatitanate or equivalent 
TiO,/K,COy, were clear and homogeneous at 1000-1100". Such melts permitted the 
best control of crystal growth by slow loss of heat from the system at the temperature 
at which crystals first appeared, usually in the range 980-990". Although the titanate 
phases which crystallized from fluoride-containing melts were still fibrous, their 
X-ray patterns underwent progressive change with increasing fluoride concentration 
indicating decreasing concentration of hexatitanate having a more poorly ordered 
structure and development of a new structure at the expense of the hexatitanate. 
This transition was also promoted by decreasing the TiO,/K,0 ratio in the melt 
system from six to four. 

Attempts to isolate this new fibrous phase obtained from fluoride-containing 
systems for determination of its composition by chemical analysis were unsuccessful 
because of its thermal and hydrolytic instability. The halides evaporated completely 
from the crystals during 120 hr in a stream of dry air at 875-950°C but the residue 
was fibrous hexatitanate according to its X-ray diffraction pattern. Cold water 
treatment removed the halides completely in | hr but the structure was transformed 
to a new one as indicated by a characteristic, reproducible X-ray diffraction pattern. 
The structure of the water-extracted crystals was stable at least 72 hr at 600°C, but 
in 48 hr at 700°C changed to the hexatitanate structure. This change occurred 
without any energy effect detectable by differential thermal analysis and resulted in 
formation of rutile byproduct if the non-stoicheiometric composition of the water- 
extracted fibrous crystals was TiO,/K,O > 6. 

Attempts to synthesize a pure, homogeneous phase structurally identical with the 
fibres crystallized from K,O-TiO,-KCI-KF melts, although not completely con- 
clusive, permit the postulation that they are possibly a potassium oxyfluotetrati- 
tanate,* K,Ti,O, ,F,,. Selected melt reactions in the systems Ti0,-KF, TiO,-K,TiF, 
* Scumitz-Du Mont and Scuutz"*’ reported compounds of the type 3 M,Ti,O,.2MF from M,Ti,O,;- 
MF systems where M = Rb and Cs. When M = K, however, only a simple eutectic was observed. 

O. Scumitz-DuMont and A. H, Scuutz, Monatsh. Chem. 83, 638 (1952). 
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Potassium hexatitanate by reacting TiO, and KOH in supercritical 


water. 
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ScHuLz”). Both of the latter patterns contain lines which might indicate higher 
titanate components. Except for the longest spacing, our pattern for the dititanate 
agrees reasonably well with that reported by Scumitz-DuMont and Scuutz"”. ‘The 
pattern of BARBLAN®, obtained from rotation photographs of a single crystal 
reported to be the dititanate on the basis of reactants ratio, agrees with our potassium 


hexatitanate pattern rather than that of the dititanate. 


TABLE | X-RAY DIFFRACTION POWDER PATTERN DATA FOR POTASSIUM TITANATES 
K.TiO | KTi,O; 
d(A) Rel Re | Rel d( A) Rel d(A) Rel 
int t int int int 
7-02 1-9] 6°65 100 2-38 2 1:35 2 
5-73 40 1-85 1] 4:72 5 2:18 50 1-32 4 
3-025 26 1-80 15 3-29 3 1-92 1-31 3 
2-94 76 1-74 3-10 12 1-89 6 1:23 
2:73 25 1-67 19 3-08 20 1-76 2 1:21 2 
2:64 100 1-59 15 2-82 11 1-635 15 1-19 2 
* 2:50 24 1-46 10 2:76 2 1-61 2 1:17 2 
2:26 83 1-43 8 2-66 5 1-59 4 1-10 2 
2-11 20 1-38 11 2-64 y 1-57 2 1-06 2 
2-025 26 2:59 3 1:56 3 
2-44 3 1-53 7 


K.Ti,O,, 


>| Bi. 
; Re d(A) Rel 
int int int int 


NNN NNN Ww 


19 32 


Structure characteristics determined from X-ray data on single crystals are listed 
in Table 2. Melt products generally furnished the largest and most easily manipulated 
crystals, but contained troublesome occlusions when selected from polyphase products. 
Fibrous crystals were clean but presented obvious mounting and alignment difficulties. 


Properties of fibrous potassium hexatitanate 


Crystal habit. The condition common to the different syntheses of fibrous 
potassium titanates is the growth of crystals under very high degrees of undercooling. 


6) F. F. BARBLAN, Schweiz. Min. u. Petr. Mitt. 23, 295 (1943). 
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Thus, in the case of potassium hexatitanate, the undercooling or differential between 
growth temperature and melting point was at least about 750° in the hydrothermal 
synthesis and about 350° during the crystallization from molten potassium chloride. 
Potassium hexatitanate, therefore, appears to provide a dramatic example of a 
phenomenon first recognized by TAMMANN'"”), namely, that growth rates of crystallo- 
graphic directions of some anisotropic crystals are gradually differentiated with 
increasing degree of undercooling and fibrous forms tend to develop and bear on 
their ends the faces of greatest crystallization rate 

X-ray diffraction revealed that individual fibres of potassium hexatitanate are 
single crystals with the 4 axis parallel with the fibre axis. Cross-sectional dimensions 
of fibres prepared by the various methods described are similar and range 0-1-5 ys 
with the average about | uw. Fibre lengths are markedly dependent upon the control 
of crystal growth, density of the growth and entanglement of the fibres, and the 
severity of mechanical treatment to disperse the crystals. Maximum lengths to about 
20 mm have been observed in samples appropriately prepared and handled, but 
ordinarily about 80 per cent of the fibres are less than 2 mm long after complete 
dispersion by shear in aqueous suspension. 

Stability. Of the potassium titanates which have been described, potassium 
hexatitanate appears to be the most stable. One of the most obvious characteristics 
of this class of compounds is the loose binding of the alkali, which can be removed 
by extraction or volatilization. The ease of alkali removal, however, decreases 
markedly in going from the lower to the higher titanates, and the tendency to maintain 
structural order upon loss of the alkali increases. Thus, potassium meta- and 
dititanates are completely decomposed relatively rapidly by water or dilute acids 
leaving amorphous titania," whereas fibrous hexatitanate, despite relatively high 
surface/volume ratios, still retained most of its alkali after 18 weeks of continuous 
extraction by boiling water. After this time, alkali extraction was still detectable, 
however. The anatase structure of titanium dioxide is the residual phase. 

At temperatures above 1000°C, the vapour pressure of alkali over fibrous 
potassium hexatitanate becomes detectable. As a result, the material is converted 
without appreciable change in appearance to rutile. This conversion occurs at very 
low rates depending upon the rate of removal of the alkali vapour by such conditions 
as high vacuum and proximity of acidic, alkali scavenging substances. 

Direct action of molten boric oxide at 500°C on fibrous potassium hexatitanate 
extracted 88 per cent of its alkali content in 4 hr, leaving anatase. The hexatitanate 
fibres are dissolved by hydrofluoric acid solutions, sulphuric acid near its boiling 
point, fused NaHSO,'H,O and 6 N HCI during several days of boiling. 

Tests of the reversibility of cation exchange occurring between short-term 
extraction of potassium hexatitanate with 6 N HC! at 100°C and potentiometric 
titration with 0-02 N NaOH showed immediately reversible capacities of only 3-4 
meq/100 g in fibrous crystals having a specific surface area of 11 m*/g, determined 
by N, adsorption in the B.E.T. method. There was a small but steady decrease of 
reversible cation exchange capacity in successive cycles indicating some attrition of 
exchange sites. A reversible floc -+ sol transition occurred upon passing pH 9 during 
the titration and very dilute suspensions became feebly peptized. Such dispersions 


(17) G. TAMMANN, Lehrbuch der Metallographie. Leopold Voss, Leipzig (1914). 
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Potassium tetra- and hexatitanates 


were unstable and tended to flocculate during several days with ordering of the 
fibres into microscopic, yarn-like flocs (I ig. 1). 

Thermal. Differential thermal analysis curves for potassium hexatitanate are 
featureless up to its melting point indicating no phase transformations, abrupt loss 
of alkali in confined samples, or appreciable hydroxyl groups within its structure 
It is probable, however, that hydroxyl groups exist on the surface of acid treated 
products because samples dried to remove adsorbed water reacted with triphenyl- 
chlorosilane yielding hydrophobic fibres. The concentrations of hydroxyl groups 
was apparently too low to be detected by infra-red spectra. Only characteristic 


absorption bands at 10-56-10-70 and 13-05-13 22 uw were found 
Suspensions of fibrous potassium hexatitanate in liquid media can be filtered to 
deposit strong, homogeneous. felted Structures. Such forms and their potential 


utility, particularly as thermal insulation. have been described by GULLEDGE"* 


Titanates of other alkali metals 


Other alkali metals have been briefly examined in se ected syntheses described 


for the higher potassium titanates. The behaviour of sodiun appeared parallel with 
that of potassium, and fibrous sodium hexatitanate, made in supercritical water and 
in molten sodium chloride, is apparently isomorphous with its potassium analogue 
[he cell dimensions of sodium hexatitanate area, = 15:13 A. / 3.80 A,c, = 921A 
and 99-2 


Fibrous rubidium and cesium titanates were obtained in reactions of the carbonates 
and titanium dioxide in Supercritical water 
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CRYSTAL CHEMISTRY OF THE HYDRATES OF 
SODIUM TRIMETAPHOSPHATE* 


H. M. Onpikf and J. W. GRYDER 
Department of Chemistry, The Johns Hopkins University 


(Received § August 1959; in revised form 28 September 1959) 


Abstract—Cell dimensions and the method of preparation are reported for Na,P,O,, Na,P,0,.H,O, 
Na,P,0,.1-5H,O, Na;P,0,.3H,O and Na,P,0,.6H,O. The existence of neither Na,P,0,.0-5H,O 
nor polymorphic forms of Na,P,O, and Na,P,0,.H,O previously reported by others could be 
verified 


PoLyMoRPHIC forms of both anhydrous” and monohydrate sodium trimeta- 
phosphate have been zeported in the literature. The reports are based almost entirely 
on unindexed X-ray powder patterns. Without single crystal X-ray data, mixtures 
of compounds are easily mistaken for pure materials when the powder technique is 
used. We were interested in the possible existence of stereoisomers of the trimeta- 
phosphate ring and initiated this study to obtain polymorphic crystals which might 
contain different stereoisomers of the anion. Unfortunately, we were unable to 
verify the existence of the polymorphic forms. 
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MATERIALS AND METHODS 


Two sources of sodium trimetaphosphate were used. Dr. E. J. GrirritH kindly furnished sodium 
trimetaphosphate prepared at Monsanto Chemical Company on a pilot-plant scale from commercial 
insoluble sodium metaphosphate. Recrystallization eliminated small amounts of insoluble meta- 
phosphate. Sodium trimetaphosphate was also prepared by heating sodium dihydrogen orthophos- 
phate’ for 5 hr at 530°C. The product was purified by salting out solid sodium trimetaphosphate 
with NaCl from a saturated solution and then by several recrystallizations. The formula weights of 
the various hydrates and the absence of weak acid impurities were established by an acid-base titra- 
tion of trimetaphosphoric acid prepared from a weighed sample of the sodium salt by ion exchange 
with the acid form of Amberlite IR-120(H) resin. Phosphorus'*’ analyses confirmed the formula 


weight 
A powder camera (diameter = 114-59 mm), a Buerger precession camera, and a Weissenberg 


camera (diameter = 57-30 mm) were used for the X-ray studies. CuK, radiation (A = 1-5418 A) 


was employed. 
The preparation of each of the hydrates studied is given in considerable detail because slight 
variations in procedure frequently result in mixtures. Other conditions for obtaining the hydrates 


in reasonable purity will be given in the next section. 


* Based on a thesis submitted by Helen M. Ondik in partial fulfillment of the requirements for the 


degree of Doctor of Philosophy 
+ Present address, National Bureau of Standards, Washington 25, D.C. 

) R. W. Lippett, J. Amer. Chem. Soc. 71, 207 (1949). 

(2) Tutto and M. Wa.uis, Chem. Ber. 9, 1213 (1953) 

(3) R. J. Gross, J. W. Gryper and G. Donnay, Abstracts of Papers presented at the 128th Meeting of the 
American Chemical Society, p. 11R, September (1955) 

‘) R. N. Bewt, Jnorganic Synthesis (Edited by L. F. Auprietx), Vol. 3, pp. 103-6. McGraw-Hill, New 
York (1950) 

(6) W. F. HILLepRAND and G. E. F. Lunpett, Applied Inorganic Analysis pp. 546-547. John Wiley, New 
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Crystal chemistry of the hydrates of sodium trimetaphosphate 


Na,P,O, 

Single crystals of the anhydrous material were prepared by heating a pure sodium trimetaphosphate 
to above the melting point (about 650°C) and then cooling slowly at a rate of 5-10°C an hour. At 
550°C the completely solidified sodium trimetaphosphate was removed from the furnace. C leavage 
fragments were taken from the matrix for study. 


Na,P,O,.H,O 

The pure monohydrate was prepared by precipitation from approximately 100 ml of a solution in 
which the concentration of trimetaphosphate varied from 5 to 25 per cent. An equal volume of 
ethanol was added at the rate of approximately four drops per second (1 drop = 0-1 ml) with con- 
Stant stirring at 50-60 °C Large well-formed crystals (0-2 mm across) were grown by evaporating a 
saturated solution at 60°C. Other hydrates, however, contaminated the product. 


Na,P,0,.1-5H,O 


The pure sesquihydrate can be precipitated from a 10 per cent solution by the extremely slow 
addition of an equal volume of ethanol at 30°C. The alcohol must be added with constant stirring 
and slowly enough so that the volume of the solution is doubled in about an hour Large crystals 
(0-5 mm across) can be grown by evaporation at 30°C but pure material is not always obtained 


Na,P,O,.3H,O 


The trihydrate was made by precipitation from a $5 to 10 per cent solution (ca. 100 ml) at 20°C by 
the rapid addition of an equal volume of ethanol with vigorous stirring. The product should be 
hltered immediately after precipitation, since it is not stable in contact with the solution The 
compound effioresces readily in air 


Na,P,0,.6H,O 


The hexahydrate can be obtained by precipitation with an equal volume of ethanol from an 
almost saturated solution at 0-20°C. The rate of addition of alcohol does not affect the identity of 
the product but slow addition will permit the formation of large crystals (0-5 mm). 


RESULTS 
Na;P,0, 

The single crystal X-ray study gave the following results. Space group: P2cn 

(C2v-9) or Pmen (D2h-16). Cell dimensions: a — 7-93 A. b 13-14 A, ¢ = 7-75 

A, V = 808-4 A®, all lengths +-0-3 per cent. Density: 2-49 g/cm* (observed), 2-52 

g/cm* (calculated with Z, number of formula units per cell, equal to four).* 

[he observed powder pattern is in good agreement with that reported by CopripGE 
and TRomANS®. All lines below 26 = 46° are indexed. The maximum deviation 
between observed and calculated values is 0-2° with an a\ erage deviation of 0-08°. 

In addition to the procedures given above, the anhydrous material may be pre- 
pared by the efflorescence of the hexahydrate or trihydrate under conditions of low 
humidity. It may also be prepared, usually contaminated with other hydrates, by 
precipitation from a saturated solution with ethanol or NaCl at room temperature 
(ca. 25°C). The solid phase in equilibrium with a saturated solution at 60 C is the 
anhydrous salt, but the monohydrate is formed first. 


Na,P,O,.H,O 


lhe crystals of the monohydrate show combinations of two rhombic prisms that 
simulate a tetragonal bipyramid. Titration data yielded formula weights of 324-2 and 


* The calculated powder pattern for this and the other compounds reported is available on request. 
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323-3 (calc. 323-95). The phosphorus analyses gave 28°83 and 28-71 per cent P 
(calc. 28°68 %,). 
The single crystal X-ray study gave the following results. Space group: P2cn 
(C2v-9) or Pmcen (D2h-16). Cell dimensions: a = 8-53 A, 6 = 13-21 A, c= 
7-58 A, V = 854-3 A®, with all lengths +0-3 per cent. Density: 2:49 g/cm* 
(observed), 2°52 g/cm* (calculated with Z = 4). 
The observed powder pattern was in good agreement with that reported by 
CosrRiDGE and TROMANS'® except that the weak lines observed by these workers at 


TABLE |.—POWDER PATTERN OF Na,P,0,.1-5H,O 


d Intensity d Intensity 
10-4 3-16 m-s 
62 3-10 m-s 
5-53 vs 3-02 m 
5-18 m 2:7 vs 
4-72 | 2°68 
4:39 vw 2-60 
4-00 vuw 2°58 
3:77 m-s 2-42 m 
3-52 2:27 
3-45 m-s 2:21 
3:31 2:15 w-m 
3-23 wom 


d spacings of 3-21, 2:35 and 2:23 were not present in our photographs and can not be 
indexed using the cell dimensions reported above. In addition we find a strong line 
at d = 3-57 instead of 3-62. The closest calculated spacing is 3-58. All lines in our 
pattern below 20 = 48° are indexed, with the experimental values being within 0-2° 
of the calculated values except for one line which deviates by 0-25°. The average 
deviation is 0-09". 

In addition to the procedures given above, the monohydrate may be obtained 
from the efflorescence of the tri- and hexahydrates under conditions of high humidity. 


Na,P,0,.1-5H,O 
The crystals of the sesquihydrate are very thin elongated plates. Titration formula 
weights were 332-9 and 334-4 (calc. 332-98). The phosphorus content was 27-91 and 
27:90 % (calc. 27-91 %). 
The single crystal data yielded the following results. Space group: A2,22 (D2-5). 
Cell dimensions: a= 11-05 A, b= 20-70A, c=8-01 A, V = 1832 A’, all 
lengths +0-3%. Density: 2-40 g/cm*® (observed), 2-41 g/cm® (calculated with 
Z = 8). 
The powder pattern is given in Table 1. The lines reported are indexed with a 
maximum deviation of 0-20 in 24 and an average deviation of 0-06". In addition to 
the lines given in Table 1, a very weak line was observed at d = 2-93 and a weak line 


‘*)} D. E. C. Copripce and F. R. Tromans, Analyt. Chem. 30, 1101 (1958). 
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at d= 2:34. The 2-93 line is probably a f-reflexion of the strong 2-60 line. The 
p-reflexions of the other very strong lines would coincide with other lines and would 
not be observed. The 2-34 line remains unexplained. 


Na,P,0,.3H,O 

Single crystal work could not be done on this hydrate for several reasons. Suitable 
crystals could not be grown because the trihydrate changes to the sesquihydrate or 
monohydrate when it stands in contact with the mother liquor. The filtered crystals 
lost water to form the anhydrous or monohydrate compound. The lifetime of the 
very thin diamond-shaped plates is no more than eight hours. 


TABLE 2.— POWDER PATTERN OF Na,P,O,.3H,O 


Intensity Intensity 


NNNN 


~ 


When examined under the polarizing microscope the “platy” crystals seem to be 
uniaxial with @ = 1-44, They appear isotropic when lying flat on the stage: they ure 
birefringent when standing at an angle to the stage. No interference figure could be 
obtained. Measurements of the angles between t' e edges bounding the plate do not 
indicate either the tetragonal or the hexagonal system. The powder pattern, however, 
is relatively simple and can be indexed by means of the Bunn charts for the tetragonal 
system. The cell dimensions determined from the Bunn charts are a 12-86 A, 
c -- 12-63 A. The powder pattern is given in Table 2. 

The average d spacings obtained from eight films are reported. A few very weak 
lines which appeared on only three or four of the films have not been entered on the 
table. On all of the films a very very weak line is observed at d == 5-53 which cannot 
be properly indexed. This line does correspond to a very strong line in the pattern of 
the sesquihydrate which is presumably coprecipitated in very small quantity. 

The lines reported in the table have a maximum deviation in 20 of 0-2° and an 
average deviation of 0-07". In order to determine the formula of the salt, the precipi- 
tation was carefully and quickly performed, the solid was rapidly filtered, washed with 
alcohol, and air-dried for an hour. Samples were quickly weighed out and at the 
same time a powder film taken to ascertain the identity of the salt. Analyses were 
performed on samples from different preparations. The formula weights were found 
to be 359-0, 360-7, 360-1 as compared with the calculated value of 359-98. Phosphorus 
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analyses yielded the values 25-72 and 25-61 per cent as compared with the calculated 
value of 25-82 per cent. 

Using the calculated cell volhme of 2089 A*, a D/Z ratio can be calculated (D 
density, Z = number of formula units per cell) which is equal to 0-286. If Z = 8 
the density is then approximately 2-3, a reasonable value when compared with the 
densities of the other hydrates. 


Na,P,0,.6H,O 


The hexahydrate, like the trihydrate, is unstable when exposed to the atmosphere, 
efflorescing to form the monohydrate or anhydrous Na,P,O,, depending on humidity 
conditions. It is stable, however, for months or longer, if stored under a saturated 
trimetaphosphate solution at temperatures below 30°C. Large triclinic crystals 
(2 mm across) can be grown easily. Single crystal work was difficult because of the 
instability of the compound. Axial ratios and interaxial angles derived from goni- 
ometry (by J.D. H. DONNay, unpublished) combined with one length obtained from 
precession films (taken by G. DonNay) yielded the dimensions of a primitive cell, 
which gave the following DeLAUNAY"? reduced cell: 


a = 9-50 A, b = 11-03 A, c = 7-98 A, V = 704-59 A3, 
a = 104°50’, 8B = 90°57’, y = 117°59’ 


The observed density was 1-93 g/cm’ and the calculated density is 1-95 with Z = 2. 

Titrations carried out on samples which were quickly filtered and dried yielded 
formula weights of 415-8 and 414-7 compared with a calculated value of 414-03. The 
high values probably result from insufficient drying time. The powder pattern is 
reported in Table 3. The maximum deviation between observed and calculated 
26 values is 0-21". The average deviation is 0-08". The powder pattern reported by 
CosripGe and TROMANS™? is in reasonable agreement with our results. Their ob- 
served lines at d = 7:2 and 6°6 cannot be indexed. CAGLiorTI et al.‘*) worked on the 
structure of the hexahydrate and reported cell dimensions obtained from Weissen- 
berg photographs. Their values do not permit indexing of the observed powder 
pattern. Their cell dimensions, after a Delaunay reduction, are a = 9-88 A, b 
11-65 A, c = 8-43 A, « = 103°19’, 8 = 92°6’, y = 119°35’. The density they report, 
1-786, is much lower than our value which agrees with the density of 1-928 reported 
by Thilo. 

DISCUSSION 


Professor E. TuiLo kindly furnished us with a portion of Dr. M. WALLIs’ thesis 
which allowed us to compare our results with his. In the published paper of THILO 
and WALLIS 24 values are reported graphically. Table 4 lists d spacings along with the 
values reported'® by THILo and HAuscHILD. It should be noted that the camera 
used by Thilo has a diameter one-half that of the powder camera used in this labora- 
tory. His error may therefore be estimated as +0-4°20. 

Comparison of the data reported in Table 4 with those for the monohydrate and 
sesquihydrate reported here indicate that THILO’s monohydrate LI and sesquihydrate 


‘) J. D. H. Donnay and W. Nowacx1, Crystal Data pp. 137-140. Geological Society of America, New 
York (1954) 

V. Cacuoti, G. and E. Biancut, Atti. Accad. Ital. Rend. (7), 3, 761 (1942). 

E. and U. Hauscuiip, Z. Anorg. Chem. 261, 324 (1950) 
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were impure materials. Many of the lines reported by THILO are actually doublets. 
We were unable to obtain a salt corresponding to his monohydrate I. His description 
of the crystals, the method of preparation by precipitating from dilute solution, and 
the fact that he calls the crystals metastable suggest that he may have obtained the 
trihydrate. THILO’s evaporative procedure for obtaining his “monohydrate I" gave 
us mixtures of known hydrates. On some patterns of these mixtures lines appeared 
which do not correspond to those of known salts, suggesting the existence of other 
hydrates. This possibility should be investigated further 
he cell dimensions reported by THiLo for his monohydrate II, corresponding to 

the monohydrate reported in this work, were obtained from rotation photographs of 
single crystals. These dimensions agree fairly well with those obtained from precession 
photographs in this laboratory. The a and ¢ lengths are so nearly equal that on 
poorly adjusted rotation films the crystals could well appear to be tetragonal, as he 
reported, instead of orthorhombic as we found them to be. Indeed the photostatic 
copies of the films he so generously supplied indicate that the crystals were slightly 
misaligned 

It is interesting to note the similarity between the powder patterns of the anhydrous 
Na,P,O0, and the monohydrate (Fig. 1). The same lines appear, in the same order, 
in botn patterns. The slightly larger cell dimensions of the monohydrate account for 
the greater splitting of the 110, 011, and 020 lines and of the 111 and 021 lines in its 
pattern. These same lines are so close in the anhydrous pattern that on most of the 
films they appear as single broad lines. Films of mixtures of the two salts show very 
broad diffuse lines. These results emphasize the extreme care that is necessary in 
employing X-ray powder patterns as proof of new compounds. Only when single 
crystal data have been used to index the powder film can one be certain of the 
conclusions. 

The results of this work were used to add support to the identification of the 
product obtained by GrirrirH® from the neutralization of Na,HP,O, by NaOH. 
We found that the product was Na,P,0,.H,O. 
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IONENAUSTAUSCH IN LOSUNGSMITTELGEMISCHEN—I 
UBER DIE VERTEILUNG VON URAN ZWISCHEN MINERAL- 
SAUREN ALKOHOLISCHEN LOSUNGEN UND DEM STARK 

BASISCHEN ANIONENAUSTAUSCHER DOWEX-1 


J. Korkiscu, P. ANTAL und F. Hecut 
Lehrkanzel fiir analytische Chemie im Il. Chemischen Universitatsinstitut, 
Wien, Austria 


(Received 28 September 1959) 


Abstract—The present work was designed to furnish data about the anionic behaviour of uranyl ions 
in mixed solvents. The distribution coefficients for uranium on the strongly basic anion exchanger 
Dowex | have been determined in hydrochloric-, nitric- and sulphuric-acid solutions containing 
varying amounts of ethyl alcohol 


Von Kraus und Netson"’ durchgefiihrte Untersuchungen tiber die Adsorption von 
Uran an stark basischen Anionenaustauschern aus salz-, salpeter- und schwefelsauren 
Lésungen lieferten den eindeutigen Beweis dafiir, dass sechswertiges Uran je nach 
Art und Konzentration der angewendeten Saure mehr oder weniger stark in Form 
eines anionischen Komplexes vorliegt, der von stark basischen Anionenaustauschern 
wie z.B. Amberlite [IRA-400, Dowex-l und -2 festgehalten wird. 

Die vorliegende Arbeit wurde durchgefiihrt, um das Verhalten des Urans in 
mineralsauren, alkoholhaltigen Loésungen zu untersuchen, und zwar zwecks Fest- 
stellung, ob es in derartigen Lésungen ebenfalls negativ geladene Komplexe liefert. 
Zu diesem Zwecke wurden die Verteilungskoeffizienten des Urans zwischen diesen 
Lésungen und Dowex-| bestimmt. Die in der Regel hOheren Koeffizienten in alkohol- 
ischen Lésungen sind auf den dehydratisierenden Effekt des Alkohols zuriickzufiihren, 
wodurch die Stabilitaét der Uranylkomplexe erhdht, das Gleichgewicht zugunsten 
des Komplexes verschoben und dementsprechend seine Adsorption am Harz be- 
gunstigt wird. 


EXPERIMENTELLER TEI! 


Lésungen und Reagenzien. Zur Bestimmung der Verteilungskoeffizienten in salzsauren Losungen 
wurde der lufttrockene, stark basische Anionenaustauscher Dowex-! (50 bis 100 mesh; Cl--Form) 
verwendet. Fiir die Versuche in salpeter- bzw. schwefelsauren Losungen wurde das Harz durch 
Behandlung mit 2-n Salpeter- bzw. 6-n Schwefelsdure in die Nitrat- beziehungsweise Sulfatform 
ibergefihrt und nach deren Trocknung an der Luft verwendet 

Es wurden salz-, salpeter- bzw. schwefelsaure Uranyl- chlorid-, -nitrat- und -sulfatlosungen genau 
bekannter Urangehalte und Normalitaten der dem Anion entsprechenden Saduren angewendet. 

Der Urangehalt der Losungen wurde auf polarographischem Wege unter Anwedung der kataly- 
tischen Nitratwelle’’ bestimmt. Der verwendete Alkohol war mit Benzin denaturiertes 95 *.iges 
Athanol (wurde als “100 *ig"’ angesehen). Wie cine Reihe von Kontrollversuchen ergab, stérte 


") K. A. Kraus und F. Newson, Proceedings of the International Conference on the Peaceful Uses of Atomic 
Energy, Geneva, 1955, Vol 7, p. 113. United Nations (1956) 
F. Hecurt, J. Korxiscn, R. Patzax und A. THiarp, Mikrochim. Acta (Wien) 1283 (1956). 
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das bei den Versuchen fast quantitativ am Austauscher adsorbierte Benzin die Uranadsorption nicht. 

Verteilungskoeffizienten. Die Werte fiir die Verteilungskoeffizienten K (Uranmenge/g Harz 
dividiert durch die Uranmenge/m! der Lésung) wurden unter Anwendung der Gleichgewichtsmethode 
ermittelt. Gemessene Mengen des lufttrockenen Harzes (Cl--, NO,~- oder SO,--Form) und der 
uranhaitigen Lésungen bestimmter Saurenormalitat und Alkoholkonzentration wurden vermischt 
und 24 Stunden lang unter haufigem Durchschiitteln stehengelassen. [Beispiel: 1 g Dowex-1 (Cl-- 
Form) + | ml 4-n Salzsaure + 1 ml 4-n salzsaurer Uranylchloridlésung (100 wg Uran/ml) + 8 ml 
Athanol. Dadurch entsteht eine Lésung, die 0-8-n an Salzsdure und 80°;ig an Alkohol ist.] Anschlies- 
send wurde jeder Lésung ein aliquoter Teil entnommen, nach dessen Eindampfen das Uran quantitativ 
bestimmt und daraus der Verteilungskoeffizient berechnet 

Bei allen diesen Berechnungen wurde der Alkohol als ein nicht indifferentes Lésungsmittel 
angesehen, d.h. die in den Abb. |, 2 und 3 angegebenen Saurenormalitaten wurden auf die Gesamt- 
lésung (wassrige Séurelosung und Alkohol) bezogen 


= 
= 
2 


Normolitat der Schwefeisdure 


Ass. | Uran in “80 °%,igem” Athanol. 
Uran und NELSON). 


ERGEBNISSE 


In Abb. | sind die Ergebnisse unserer in schwefelsaurer alkoholischer Lésung 
(“80%" Athanol) durchgefiihrten Bestimmungen der Verteilungskoeffizienten 
wiedergegeben. Zum Vergleich wurden die von KRAus und NeLson"? in wiassrigen 
Schwefelsdurelésungen gefundenen Verteilungskoeffizienten in die Abb. mit auf- 
genommen. 

Aus dieser Abb. geht deutlich hervor, dass die Adsorption des Urans aus “80 
%igem”’ Alkohol um mehr als | Zehnerpotenz grésser ist als in wasseriger Lésung 
gleicher Aciditat. Das in der Kurve auftretende Maximum bei einer Aciditaét von 
0-05-n Schwefelsaure konnte bei Abwesenheit von Alkohol nicht festgestellt werden. 

In den Abb. 2 und 3 sind die Ergebnisse der in salz- und salpetersauren, alkohol- 
ischen Lésungen durchgefihrten Bestimmungen der Verteilungskoeffizienten auf- 
gezeigt. 
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DISKUSSION 
Die in den Abbildungen 1, 2 und 3 gezeigten Versuchsergebnisse zeigen, dass die 
in schwefelsauren, alkoholischen Lésungen ermittelten Verteilungskoeffizienten (im 
Vergleich zu den in salz- bzw. salpetersauren, alkoholischen Lésungen gefundenen 
Werten) am meisten von den in den rein wisserigen Sauren ermittelten Werten, 


Verteilungskoeffizient, Ap 


of i2 ts 2p 24 28 


Normalitat der Solzsdure 


Uran in “80 °,igem™ Athanol 
Uran in “60 °.igem Athano!l 
Uran (Kraus und NELSON) 
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Verteiungskoeffizient, 


02 Of Of ip i2 
Normoalitét der Solpetersdure 


Ass. 3 Uran in “80 °,igem”™ Athanol 
Uran in “60 °,igem™ Athano! 
A Uran in “40 Athanol 


und zwar im positivem Sinne, abweichen. Die in Abb. 2 gezeigten Resultate sind 
analytisch von Wichtigkeit, da eine quantitative Uranadsorption schon in 0-6 bzw. 
0,8-n salzsaurer Lésung (“80% ig” an Alkohol) erfolgt, wenn das Uran auf einer Saule 
angereichert wird. Ebenso ist infolge der sehr geringen Verteilungskoeffizienten des 
Urans in salpetersaurer, alkoholischer Lésung eine Trennung von Thorium, das 
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unter denselben Versuchsbedingungen eine wesentlich gréssere Adsorption zeigt, 


moglich. 

Uber die Anwendung der aus den vorliegenden Untersuchungen erhaltenen 
Ergebnisse wird an anderer Stelle berichtet werden. 

Abschliessend kann gesagt werden, dass die Uranylionen auch in alkoholhaltigen, 
mineralsauren Lésungen anionische Komplexe bilden, und zwar gegeniiber mineral- 


Sauren wasserigen Lésungen in gesteigertem Masse. 
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IONENAUSTAUSCH IN LOSUNGSMITTELGEMISCHEN—II 


OBER DIE VERTEILUNG VON THORIUM, ZIRKONIUM UND 
TITAN ZWISCHEN MINERALSAUREN ALKOHOLISCHEN 
LOSUNGEN UND DEM STARK BASISCHEN 
ANIONENAUSTAUSCHER DOWEX-1 


P. ANTAL, J. KorkiscH und F. Hecut 
Lehrkanzel fiir analytische Chemie im II. Chemischen Universitatsinstitut, 
Wien, Austria 


(Received 28 September 1959) 


Abstract—The present work was designed to furnish data about the anionic behaviour of the tetra- 
valent transition elements thorium, zirconium and titanium in mixed solvents. The distribution 
coefficients for these elements on the strongly basic anion exchanger Dowex-1 have been determined 
in hydrochloric-, nitric- and sulphuric-acid solutions containing varying amounts of ethyl alcohol. 


User die Adsorbierbarkeit von Thorium aus salzsauren Lésungen an stark basischen 
Anionenaustauschern berichteten bereits Kraus et al.’ sowie Hype und stellten 
fest, dass praktisch keine Adsorption eintritt. Ahnliche, von Danon® 
sowie YING-MAO CHEN ef ai.'®) in salpetersauren Lésungen durchgefiihrte Unter- 
suchungen ergaben, dass das Thorium anionische Komplexe liefert und demzufolge 
eine Adsorption an Anionenaustauschern eintritt, die zur Trennung des Thoriums 
von anderen Elementen wie z.B. vom Uran‘ oder den seltenen Erden“* beniitzt 
wurde. 

Obgleich die Adsorption des Thoriums erst bei relativ hohen Salpetersdurekon- 
zentrationen médglich ist, konnten JENKINS und RICHARDSON sowie SaiTo und 
Sekine’ auch den anionischen Charakter des Thoriums in Nitratlésungen und auch 
Sulfatlésungen beweisen. 

Ahnliche Verhaltnisse wie beim Thorium findet man auch beim Zirkonium und 
Titan, nur dass hier die Tendenz zur Ausbildung negativ geladener Chloridkom- 

bedeutend grésser ist als beim Thorium. Von KorKIscH und FaraG"! 
. . 
konnte festgestellt werden, dass das Zirkonium aus schwach schwefelsauren Losungen 
sehr stark von Amberlite IRA-400 festgehalten wird, wogegen Titan und Thorium 
keine nennenswerte Adsorption aufweisen. 
") K. A. Kraus, G. E. Moore und F. Netson, J. Amer. Chem. Soc. 78, 2692 (1956) 
')} E. K. Hype, Proceedings of the International Conference on the Peaceful Uses of Atomic Energy, Geneva, 
1956, Vol. 7, p. 281. United Nations (1956) 
D. J. Carswe J. Inorg. Nucl. Chem. 3, 384 (1957). 
‘*' J, Danon, J. Inorg. Nucl. Chem. 5, 237 (1958) 
') YinG-Mao CHEN, Cuta-TsuNG Lin und TunG-Ho Cuen, J. Chinese Chem. Soc. (Taiwan) Ser. 11, 2, 

111 (1955); Chem. Abstr. 49, 15619 (1956) 

‘© |. L. Jenxins und R. J. RicHarpson, AERE C/R 1217 (1953). 

'?) Nosurusa Sarto und Tatsuya Sexine, Bull. Chem. Soc. Japan W (5), 561 (1957). 

‘* E. H. Hureman und R. L. Oswatt, J. Amer. Chem. Soc. 71, 4147 (1949) 

H. Hureman, R. C. Litty und G. M. Ippinos, J. Amer. Chem. Soc. 73, 4474 (1951). 


"°K. A. Kraus, F. Necson und G. W. Saitn, J. Phys. Chem. 58, 11 (1954). 
J. Korxiscn und A. Farac, Z. Anal. Chem. 166, 81 (1959). 
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Berichte uber die Existenz anionischer Titan- oder Zirkoniumnitratkomplexe 
konnten wir in der entsprechenden Literatur nicht auffinden 

Die vorliegende Arbeit wut unternommen, um das Verhalten der Elemente 
Thorium, Zirkoniut mineralsauren, alkoholhaltigen Lésungen zu 
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analoge Bestimmung der Verteilungskoeffizienten des Titans konnte in diesen salpeter- 
sauren alkoholischen Lésungen nicht durchgefiihrt werden, da teilweise Hydrolyse 
des Titannitrats eintrat. 

Aus dieser Abb. geht hervor, dass nur das Thorium bei Anderungen der Saure- 
bzw. der Alkoholkonzentrationen seinen Adsorptionskoeffizienten andert. wahrend 
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Ver terlungsk oeffi nent 


+ 
+ + + 


Oo 


Normabtot der Saizsoure 


Ass. 2.—@ Thorium in “80°, igem Alkohol”. 
x Zirkonium in “80°, igem Alkohol”. 
A Titan in “80°, igem Alkohol™ 


der des Zirkoniums konstant bleibt. Es kann daher eine Trennung des Thoriums 
von Zirkonium und Uran (s.]. Mitteilung‘’) leicht durchgefiihrt werden. 

In der Abb. 2 sind die Ergebnisse der in salzsauren alkoholischen Lésungen 
ausgefiihrten Bestimmungen der Verteilungskoeffizienten des Thoriums, Titans und 
Zirkoniums in “80 Alkohol” wiedergegeben. 

Wie daraus ersichtlich haben die Adsorptionskoeffizienten fiir alle 3 Elemente 
sehr kleine Werte, woraus hervorgeht, dass die Anwesenheit von Alkohol zum 
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Unterschied gegen Uran' praktisch nur einen sehr geringen Einfluss auf den an 
und fiir sich schon sehr schwachen anionischen Charakter dieser Elemente ausiibt. 
Daraus geht hervor, dass diese Elemente auch in alkoholischer salzsaurer Lésung 
leicht vom Uran abtrennbar sind (vgl. I. Mitteilung"*’). 

In Abb. 3 schliesslich sind unsere Ergebnisse beziiglich der in schwefelsauren 
alkoholischen Lésungen ermittelten Verteilungskoeffizienten des Thoriums und 
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Normolitet der Schwefetsoure 


Anse. 3 @ Thorium in “80°, igem Alkohol” 
A Titan in “80°, igem Alkohol”. 


Titans dargestellt. Diejenigen von Zirkonium konnten nicht bestimmt werden, da 
bei Zugabe von Alkohol Hydrolyse eintrat (bei Zusatz der gleichen Menge Wasser 
wird dagegen das Zirkoniumsulfat nicht hydrolysiert). 

Abschliessend kann gesagt werden, dass von den 3 untersuchten Elementen 
Thorium, Zirkonium und Titan bei geringen Aciditaten an erster Stelle das Thorium 
anionischen Charakter zeigt. Hingegen weisen Zirkonium und Titan je nach der 
Art der angewendeten Saure entweder einen konstanten Verteilungskoeffizienten auf 
oder dieser ist dem des Thoriums dhnlich. 
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DINONYL NAPHTHALENE SULPHONIC ACID AS A 
LIQUID CATION-EXCHANGER FOR COMPLEX STUDIES* 


J. M. Wuirte, P. TANG and N. C. Li 


Duquesne University, Pittsburgh, Pa 


(Received 19 August 1959; in revised form 26 August 1959) 


Abstract—The extraction of Co(II), Feit) and Incttt) 
dinony! naphthalene sulphonic acid, HD, from aqueous perchigric acid solutions, has been investi- 
gated, using the radioactive tracer technique. The distribution coefficients for M(I1) and M(IIL) are 
inversely second power and third power, respectively dependent upon the hydrogen ion concentration 
in the aqueous phase, and directly first power dependent upon the HD concentration in the heptane 


into heptane containing 


phase 

The formation constants of In(I1l) complexes of glycolate, bioxalate and Co(Il) complexes of 
bioxalate have been determined by use of HD in heptane as a liquid cat on-exchanger. For ¢ oll) 
bioxalate. it has been demonstrated that the formation constants agree with values obtained by using 
resinous cation-exchanger. Since the use of liquid ion-exchanger enabies one to analyse both the 
aqueous and non-aqueous phases, whereas in resinous cation-exchange experiments it is not con- 
venient to analyse the non-aqueous phase, it 1s of decided advantage to demonstrate that the liquid 
ion-exchanger can be used for complex studies. 


Boyp and LINDENBAUM" have shown that solutions of dinonyl naphthalene sulphonic 
acid, of di-2-ethyl hexyl phosphoric acid, of dimethyl didodecenyl ammonium 
chloride. and of tri-n-octylamine in nonpolar organic liquids serve as analogues of 
crosslinked resinous strong- and weak-acid cation-exchangers and the strong- and 
weak-base anion-exchangers, respectively. These liquid ion-exchangers offer several 
advantages over the resinous ion-exchangers: they can be used for studies of equilibria 
in concentrated electrolyte solutions without Donnan penetration of the exchanger 
phase; the rates of exchange appear to be more rapid; and the measurements of 
physical properties and analysis of the exchangers are more conveniently performed 
than with resinous exchangers. It was the purpose of this investigation to study the 
behaviour of dinony! napthalene sulphonic acid as a liquid ion-exchanger and the use 
of this compound to determine the formation constants of several metal complexes. 
For comparison, the formation constants of the indium complexes were also deter- 
mined by a pH method. 


EXPERIMENTAL 


Materials. High activity *°Co. **Mn, **Fe, and carrier-free were obtained from Oak 
Ridge Nationa! Laboratory in the form of chlorides, each in HC! solution Since chloride son itself 
is a complexing agent, the metal solutions were rendered free of Cl~ by five extractions with heptane 
containing 10°* F dinony! naphthalene sulphonic acid and back-extraction with 0-4 M aqueous 
HCIO,. Dinony! naphthalene sulphonic acid. hereafter referred to as HD, was obtained as a 48-6 
per cent solution in n-heptane from R. T. Vanpersitt Co., Inc., and King Organic ¢ hemicals, Inc.. 
as a gift. The supplier stated that HD is a mixture of isomers resulting from the sulphonation of 


* The work reported here was supported by the U.S. Atomic Energy Commission through Contract 
No. AT (30-1)-1922 
«) G. G. Born and S. Linpensaum, Abstract I, p 18. 134th Meeting, Amer. Chem. Soc . Chicago, Hlinots, 
September (1958) 
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dinonyl naphthalene, which in turn is made by the controlled alkylation of naphthalene with nonene. 
HD is a monobasic acid soluble in organic solvents and only sparingly soluble in water. Its stock 
solution was analysed by the extraction of a known volume of the solution in heptane with standard 
KOH, followed by titration of an aliquot of the aqueous phase with standard HCl. The n-heptane 
was distilled before use. Indium metal of 99-93 per cent purity was obtained from King Products Co. 
All other chemicals were of C. P grade . 

Procedure. \n liquid ion-exchange experiments, the aqueous phase normally was prepared to 
contain (a) the metal! radioisotope in concentrations of the order of 10-* M, (b) the complexing agent 
if any, in varying concentrations and (c) varying concentrations of HCIO, in order to obtain the 
desired hydrogen ion concentration. The heptane phase contained HD in concentrations of the order 
of 10°*-10°* formula weight per litre, and was previously shaken overnight on an electric shaking 
machine with an equal volume of 0-1 M perchloric acid. Equal volumes of aqueous and organic 
phases were then mixed in glass Stoppered Erlenmeyer flasks, shaken at 25 - 0-5 overnight, and 
allowed to settle for | hr at 25 . Aliquots of both phases were removed, and the activity of the metal 
ion in both phases was measured with a y-ray scintillation counter. It was found that material 
balances were normally better than 98 per cent. The precision attained in distribution coefficients was 
generally better than ~ 2 per cent 

For pH measurements, a stock solution of indium perchlorate was prepared from indium metal 
The metal dissolves very slowly in hot concentrated perchloric acid, and a considerable amount of 
chloride ion is formed. The presence of platinum accelerates the solution, but results in contamina- 
tion by Pt(IV) since a soluble Pt-In alloy is formed.'*’ Therefore, the metal was dissolved in concen- 
trated nitric acid and eveporated to near dryness with added perchloric acid five times.’ The 
molarity of the indium v as determined gravimetrically by precipitation with ammonium hydroxide 
followed by ignition at 1000 . Titration of indium perchlorate in excess perchloric acid with standard 
alkali to a phenolphthalein end point results in the determination of total perchlorate (C). The 
hydrogen ion concentration was taken to be the difference between (C) and three (In**). where (In® ) 
IS the concentration of indium ion as determined gravimetrically. The pH was measured with a 
Beckman pH meter, Model G with external electrodes. Solutions were maintained at 25 . 0-5 and 


nitrogen gas was bubbled through the solution 


RESULTS AND DISCUSSION 

From Figs. 1,2,3 and 4 it is seen that the distribution coefficients for M(I1) and 
M(III) are inversely second power and third power, respectively, dependent upon the 
hydrogen ion concentration in the aqueous phase, and directly first power dependent 
upon the HD concentration in the heptane phase. The distribution coefficient. K,,, of 
a specific radio-nuclide is defined as the concentration of nuclide in the organic phase 
divided by the concentration of nuclide in the aqueous phase. 

KAUFMAN and SINGLETERRY™ have demonstrated. by the fluorescence depolari- 
zation method, micelle formation by dinonyl naphthalene sulphonates in moist 
benzene, and it may be inferred from this that HD in moist heptane may also exist as 
polymer, (HD),. An attractive explanation of the extraction of M(IDand M(III) by 
HD would be the following: 


+ (HD) M(H, ,D,),, (1) 


where the subscripts 4 and O denote the aqueous and organic phases, respectively. 
The corresponding mass law expression, in terms of concentrations rather than 


rt) 


activities, Is: 


[M(H,, D,)}, ((HD),Jo 
[M**], 
*'G. A. Bruns and D. N. Hume, J. Amer. Chem. Sox 79, 2704 (1957) 


G. BIEDERMANN, Arkic Kemi 9, 279 (1956) 
‘*) S. KAUFMAN and C. R. SINGLETERRY. J. Colloid Sci. 10, 139 (1955) 
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HD concentration dependency of the extraction of M 
from 0-10 M aqueous HCIO, 


Co, Zn into heptane phase 


2 


taining HD, from aqueous HCIO, 


d 


((HD),Jo 
K b 


Hydrogen ion dependency of the extraction of Mn, Co. Z1 
For Mn and Zn, HD 


If M*° is the only M species of importance in the aqueous phase, then the ratio 
"|, may be replaced by the distribution coefficient, K,, to yield 


It is to be noted that the HD dependency is first power, regardless of the value of 5 
in M**. The HD dependency and acid dependency data of Figs. 1-4 for M(II) and 


into heptane phase con- 
for Co, HD 0-0034 F 


F 
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M(II1) thus fit expression (3). This treatment is the same as that used by Peprparp 


et al.,’®) for the extraction of M* by mono (2-ethyl hexyl) phosphoric acid. 


nto heptane 


tion of Fe(ill) into heptane 


-0034 F HD from aqueous HCIO, 


Equation (3) may be rearranged to give 


K 
(4) 
x (HD),, 


where (HD), means the formality of the extractant (HD)... not the molarity of mono- 


meric HD. The ave age values of K/x obtained from the data of F igs. 1-4 for the 
various metal ions are listed in Table | 
7, 276 (1958) 


D. F. Pepparp, G. W. Mason. W. J. ut and R. J. Sironen, J. Inorg. Nucl. Chem. 7. 
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K/x thus is equal to three for the three divalent metal ions reported and is somewhat 
higher for the trivalent metal ions. If one assumes that x does not vary appreciably. 
the dependence of the magnitude of K/x on the charge of the metal ion is completely 
reasonable. It must be mentioned that while the average x has a discrete value under 
the experimental conditions of Figs. 1-4, it may have a different discrete value under 
a different set of conditions. 


|.—-Vacues oF K/x FoR AND M(III) FROM THE 
DATA OF Fics. 1-4 


Mnill) 
33 20-4 35-1 


2-9 


32 


g In order to investigate the use of HD as a liquid cation-exchanger for complex 
qa studies, we chose initially the indium glycolate system and, for comparison purpose, 
a we also carried out a pH study of this system. In the presence and absence of a ligand 
q A~. in the aqueous phase the distribution coefficients may be written 
(M),, 
K, = (5) 
(M), (MA), -=(MA,), 
M), 
d (6) 
(M), 
respectively. Dividing equation (6) by equation (5), and introducing the formation 
constant &,, where k; = (MA,)/(MA,_;)(A), one can obtain 
K°, (M)-+(MA) (MA,) ... 
4 (M) 
ky (A) + kiky (AP... (8) 
4 If only a 1 : | complex exists, then 1/K, will vary linearly with (A’) and the slope is 


equal to ki/K°,, from which value of k; can be calculated. In the case thatal : 2 
complex also exists, equation (8) rearranges to 

Ko | 

(A) 


= ky + kik, (A) (9) 


so that the values of k; and k, can be obtained from the intercept and slope of a linear 
vs. (A) plot. The treatment outlined here is analogous to that for a resinous cation- 
exchanger, Dowex-50, for complex studies.'® A similar treatment is presented by Day 
and STOUGHTON". 

Fig. 5 shows the liquid ion-exchange results obtained when the heptane phase 
containing 1-47 x 10-* F HD is equilibrated with an aqueous phase containing 0-30 
M HClO, and 0-2-0-6 M glycolic acid. The value of |/K, extrapolated to (A~) = 0 
agrees with the value of 1/K°, determined directly. From the slope of the line, A; of 
the In(II1)-glycolate complex is calculated to be 3:15 (u 0-30). 


J. Scuupert, E. L. Lino, W. M. R. and N.C. Li, J. Amer. Chem. Soc. 80,4799 (1958) 
™ R.A. Day, Jr. and R. W. StouGuTon, J. Amer. Chem. Soc. 72, 5662 (1950). 
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Fig. 6 summarizes the pH results for the In(III)-glycolate system. By using 
Bjerrum’s method“ the value of log k; is calculated to be 2°95 (4 = 0-14). This is in 
very good agreement with the liquid ion-exchange value, log k; = 3-15 (u = 0-30) and 
the EMF value, log k; = 2°93” (u = 1-0). 


T 
| 


| 
L 


)x10* 
Licuid ion-exchange results for In(II]) in the presence of glycolic acid, 
(H*) = 0:30 M at 25 C. pK of glycolic acid = 3-64. 
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— 


Fic. 6.—Titration of 25 ml 0-2 M glycolic acid, curve A; and in the presence of 
0-01 M In(III), excess 0-0538 M HCIO,, curve B. NaOH = 0-6666 M. 


AHRLAND et al."°) have shown that the complex formation curve is dependent on 
the concentration of metal ion if polynuclear complexes exist; while the complex for- 
mation curve is independent of metal ion concentration for mononuclear complexes. 
The complexes of In(III) are difficult to study because the trivalent metal cation is 
readily hydrolysed. In the liquid ion-exchange experiments, the concentration of 


(8) 


J. Bserrum, Metal Ammine Formation in Aqueous Solution. Haas, Copenhagen (1941). 
'?) N. SuUNDEN, Svensk Kem. Tidskr. 65, 257 (1953) 


'28) S| AHRLAND, Acta Chem. Scand. 3, 374 (1949). 
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metal ion (radioisotope) is of the order of 10-* M whereas in the pH and e.m_f. 
experiments the concentration of metal ion is of the order of 10-*-10- M. Since the 
formation constants obtained by these different experiments employing widely 
different metal ion concentrations agree with one another, we can be reasonably 
certain that the In(III)-glycolate complex is mononuclear and that the formation 
constant is valid. 

In(1I1) complex of bioxalate was also studied by the liquid ion-exchanger method, 
in which 25 ml aqueous phase containing 0-30 M HCIO,, 10-* M "In and 0-8 to 


TABLE 2.—LiIQUID 1ON-EXCHANGE EXPERIMENTS WITH Co(II) COMPLEXES OF BIOXA- 
LATE (HC,O,~). HEPTANE CONTAINING 633 F HD wirH 
AQUEOUS PHASE CONTAINING 0-1 M HCIO,, *°Co AND VARYING CONCENTRATIONS 
OF OXALIC ACID. PX, OF OXALIC ACID: 1-28 


(HC,O,-) = (HA~) 10° 


4 x 10°° M H,C,O, was equilibrated with 25 ml of heptane containing 1-2 « 10-3 F 
HD. The value of k; is calculated to be 1-2 + 0-1 « 10°. 

Co(II) complexes of bioxalate have been determined by SCHUBERT et al.\®: log 
ki = 1-66, log k, = 1-25, using the resinous cation-exchanger, Dowex-50, Table 2 
summarizes the results we have obtained by the liquid ion-exchanger method. 

The data of Table 2 yield a linear y vs. (HA~) plot, from which the values of the 
formation constants have been calculated to be log k; = 1-61, log k, = 1-28. The 
formation constants are thus in excellent agreements with values derived from resinous 
cation-exchange method. Since the use of a liquid ion-exchanger in a nonpolar organic 
solvent allows one to analyse both the aqueous and non-aqueous phases, whereas in 
using resinous ion-exchanger it is inconvenient to analyse the non-aqueous phase, it 
would be of decided advantage to demonstrate that liquid ion-exchangers can be used 
for complex studies. This we have done by presenting the results with several metal 
complexes. 


Acknowledgements—The authors are grateful to Miss J. Yu for her work on In(III}-HD and In- 
HC,O,~ complexes, and to Miss M. BecnTroup for assisting with some of the experiments. 
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INORGANIC SALTS DISSOLVED IN NON-AQUEOUS OR 
IN MIXED SOLVENTS—Il 


CONDUCTOMETRIC STUDIES OF SnCl,5H,O DISSOLVED IN 
PURE METHANOL OR IN METHANOL PLUS WATER 


P. A. D. DE Maint 
Chemistry Department, New York State College for Teachers, 
State University of New York, 135 Western Ave., Albany 3, N.Y. 


(Received 29 July 1959; in revised form 5 October 1959) 


Abstract—Conductance data at 25C are given for SnCl,SH,O dissolved in water, methanol, 
or methanol-water. Empirical relations between measured values and concentration terms are 
illustrated. Coagulation phenomena are also reported 


SPECTROPHOTOMETRIC measurements''’ have shown that SnCl,-5H,O dissolved in 
water—methanol of fixed compositions does not obey Beer's Law. At all wavelengths 
and for all Sn(1V) concentrations the molar extinction coefficient decreases with 
increasing methanol concentration to a point where the methanol concentration is 
approximately 21 M and the water concentration is 7 M. Further increases in the 
methanol concentration, increase the molar extinction coefficient. This effect cannot 
be interpreted in terms of classical dielectric properties of mixed solvents, as there 
should be a continuous change in one direction in passing from one pure solvent 
through mixtures to the other. The 3 : | methanol : water ratio at which the minimum 
is found suggests that the Sn(1V) species and methanol react competitively with water. 
In the present work the results of a detailed conductometric study on these systems 
are given. 
EXPERIMENTAL 

Immediately before use distilled water and Fisher Spectrograde methanol were thoroughly 
saturated with dry nitrogen (oxygen content less than 0-01 per cent, dew point below —40 C, supplied 
by Albany Welding Company). Identical results were obtained with Reagent Grade SnCi,5H,O 
supplied by Fisher (Lot no. 782698) and that from Baker and Adamson (Lot no. 90023) . 

Solutions of 0-1171 and 1-171 M were prepared by dissolving weighed amounts of SnCl,5H,O in 
pure methanol or in water. Further dilution made immediately before measurements, yielded 
solutions of the desired Sn(IV) and solvent compositions 

Conductance measurements'*’ were made with the General Radio Impedance Bridge (Type 650- 
Pl) and a thermostated bath for the cell set at 25 + 0-02 C. Specific gravities of the bulk (0-1171 and 
1-171 M) and sample solutions were determined at 25°C after the resistance had been measured. 
These specific gravities were required to compute accurately the concentrations of the samples. 

Reproducibility tests showed that the conductance measurements were accurate to better than 1-0 
percent. Even after 7 hr the conductance of the solutions remained unchanged. In all cases the 
conductance of the pure solvent was less than 0:1 per cent of the solution conductance. 

The concentrations of the sample solutions were as follows: for SnCl,5H,O, sixteen concentra- 
tions between 0:002342 and 04684 mole/!. for each solvent; and for methanol-water, fourteen 
concentrations in the range 0:00 to 24-56 moles/!. of methanol and 55-48 to 0-00 mole/!. of water. 


|) M. M. pe Marne and P. A. D. pe Marne, J. Inorg. Nucl. Chem. 11, 13 (1959). 
‘) P. A. D. pe Maine and E. Kousex, J. Inorg. Nucl. Chem. 11, 329 (1959). 
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for a fixed solvent composition, the data do not fit t! 
Plots of the specific conductance versus the Sn(1\ 

solutions are linear in two concentration regions A 


increased the transition between the two linear 


2). In Table | are given the slopes and positive int 


(Fig 
conductance tn the solvent indicated versus Sni(1V) on 
tor solutions with fixed Sn(1V) concentrations plots of 
methanol concentration vield two well-defined Straig! 
is below 0-093 mole/l. ig. 3). For higher con 


is evident 


Visible coagulation occurs slowly within 0-02-10 hr afte: 


with high water and low Sni{fV) concentrations. Table ? 


which, when exceeded. vield solutions which remain opt 


At lower concentrations, the occurrence of \ sible coa 
significantly the resistance of the solution. In at ypical ex 
was evident only 1100 sec after solution preparation, and th 
2080 to 2070 22. No sudden. irregular conductance change 
series of samples involving both “coagulating” and “nor 

centrations. 


DISCUSSION 


The coagulation phenomenon (see above) suggests that n 


involve any ionic Species present in the solution 


and must therefore result from 


IV) concentration increases 


Onsager equation (} 
tration for pure methanol 


ii 


nitration of water is 


epts for plots of specific 
ration 
molar conductance versus 


if the tin concentration 


trations, no such linearity 


preparation tor solutions 
ives the concentrations 


illy clear permanently 


tulation does not change 


ample, visible coagulation 
e resistance changed from 


was noted in values for a 


vagulating™ relative con- 


ucelle formation does not 


ia 
solvents —11 263 
he 
ess wel detined 
tea 
’ 
\ 
| 
\ 
\ \ 
5 \ 
a 
4 
. 
> 
0 
Plots of th condu ince versus the he IV) co 
positions are 
ay 
al 
4 


P. A. D. DE MAINE 


Solvent composition 


conductance « 


Specific 


3 


110” 
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solvent 


TABLE |! SLOPES AND POSITIVE INTERCEPTS FOR THE LINEAR PLOTS OF SPECIFIC CONDUCTANCE VS 
Sn(IV) CONCENTRATION WITH CONSTANT SOLVENT COMPOSITION IN THE Sn(lV) CONCENTRATION 


REGIONS INDICATED* 


— - 1960 


| Lower concentration region l pper concentration region 


MeOH! H,O 


conc. | conc 
| m Sni1V) conc P | m SnilV) conc 


+— 


+40 0-008 | 0-071 --0-470 1! 
20-0 0-014 | 0-071 -- 0-470 6 
6-0 0-020 | 0-071 -- 0-470 10 
0-019 | 0-071 -- 0-470 


24:56 0-00 2-0 0-019 | 0-0024 0-0478 
22:89 4-48 2-0 0-172 | 0-:0024 — 0-0334 
21-12 9-04 2-0 0-280 | 0-0024 -+ 0-:0048 
13-64 0-324 | 0-0024 0-0232 


— 


18-20 0-426 | 0-:0024 --0-0133 3 0-018 | 0-141 -- 0-470 
15-25 | 22:87 +20 0-518 | 0-:0024 -- 0-0133 | 3 187 0-023 | 0-141 -- 0-470 8 
13-20 | 27-31 | +0612 | 00024 3| +278 | +0022] 0141 +0470 | 8 
11-17 | 31°80 +201] +0-714 | 0-:0024 — 0-0133 | 3 | 4 373 0-025 | 0-141 —0-470 8 
3629 | +20] +0816} 00024-00133 | +506 0-002 | 0-188 -- 0-470 7 

| 


7-06 | 40-73 0-947 | 0-0024 —- 0-0133 | 3 675 0-008 | 0-188 -- 0-470 7 
5-01 44-72 +201 +1:100}] 00024 -0-0133 | 3 + 841 0-001 0-188 -- 0-470 7 
2:99 | 48-89 +20 1-223 | 00024 0-0232 | 3 | +1135 0-015 | 0-234 0-470 6 
0-99 | 52-94 +2-0 1-383 | 0-:0024 --0-0232 | 3 | +1542 0-037 | 0-282 0-470 5 
0-00 } 55:06 1-523 | 0-0024 — 0-0232 | 3 | +1650 0-018 | 0-282 --0-470 5 


* m and c are the slopes (mho cn mole) and positive intercepts (mho cm ‘) respectively. p is the 
number of points defining the linear region. All concentrations are mole! 
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polymerization of covalent species already present in the solution before visible 
coagulation occurs. Since visible coagulation is not accompanied by a measurable 
change in the resistance of the solutions, removal of these covalent species from 
solution must not Significantly disturb the equilibrium between ionic and covalent 
species of Sn(IV). This indicates that the Sn(IV) must be extensively hydrolysed in 
dilute solutions with high water concentrations. The high values found for the molar 


Sn (iV) conc, 


3 20 3320 
3 0 00456 


N 


Methanol conc , m/L 


FiG. 3.—Plots of the molar conductance for solutions with fixed Sn(IV) concentrations as 
indicated versus the methanol concentration 


conductance of these solutions (Table 3) supports this view. Our calculations show 
that the 0-00234 molar solution in water must be completely hydrolysed. * 

As increased methanol concentrations prevent coagulation (Table 2) and decrease 
the molar conductance (Table 3) for dilute Sn(LV) solutions, the methanol must 
interact specifically with covalent and ionic species of Sni(1V). 

The form of the plots for molar conductance versus the square root of the Sn(IV) 
concentration, with solvent composition constant (f ig. 1), indicates that hydrolysis 
decreases rapidly as the methanol or Sn(IV) concentration is increased. The compara- 
tively linear regions of these plots suggests that for high concentrations of Sn(IV) and 
methanol the normal ionization processes predominate. Our calculations show that 
some hydrolysis must also occur in solutions with high water concentration for high 
Sn(IV) concentration,+ in which visible coagulation does not occur. Similar cal- 
culations indicate that the low molar conductance for solutions with low water 
concentrations is probably due entirely to ionization of the halide, with negligible 
hydrolysis or alcoholysis. 


* With the assumption that the hydrolysis occurs thus SnCl, + 4H,O = Sn(OH), + 4CI- + 4H>*. the 
Predicted molar conductance is 1704-7 mho cm~' I./mole and the experimental value is 1747-0 

? In a typical calculation we have assumed the limiting ion conductance for Sn** is 250 Complete 
fonization with no hydrolysis would give a molar conductance of less than 554 mho cm~' L./mole. A 
0282 M solution had molar conductance near 570 and at lower concentrations very much larger values 
were found. 
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AT WHICH VISIBLE COAGULATION APPEARED* 


5H,O CONCENTRATIONS FOR SELECTED WATER-METHANOL COMPOSITIONS 


MeOH 


Water SnCl,5H,O 


Coagulation time (sec) 


24°56 0-00 
22:89 4.48 
21-12 9-04 
19-25 13-64 


17-33 
15-25 
13-20 
11-17 
9-11 


5-01 
2:99 
0-99 
0-00 


18 
22 
7 
31 
36 


44 
48 


$5 


20 0-00484 
87 0-00485 
31 0-01450 
80 0-01450 
29 0-01450 | 
72 0-0237 
89 0-0236 
94 0-0328 
06 0-0327 


coagulation was 
never observed. 


more than 
more than 
more than 
more than 

about 


more than 
more than 
more than 

less than 


2000 
1000 
12000 
1000 
850 


12000 
8000 
36000 
1000 


* “Coagulation time” is 
Concentrations in mole/|. 


the period between mixing and the first observation of visible turbidity. 


TABLE 3.—MOLAR CONDUCTANCE FOR DILUTE SOLUTIONS OF Sni1V) pDisso 


CONCENTRATIONS OF Sn(IV), METHANOL AND WATER ARE GIVEN 


LVED IN METHANOL-WATER 


Tin(1V) conc. (mole/I.) 


— 


Molar conductance 


MeOH conc. 
(mole/l!.) 


H,O conc. 
(mole/1.) 


0:0338 


0:0484 


0-0725 


24°56 
22:89 
21-12 
19-25 
17-33 
15-25 
13-20 
11-17 

9-11 
7:06 
5-01 
2-99 
0-99 
0-00 


0:00 

4.48 

9-04 
13-64 
18-20 
22:87 
27:31 
31-80 
36°29 
40:73 
44:72 
48°89 
52:94 


55-06 


| 000242 | 0-00484 | 00145 | 0-0241 
| 
| } 
| 206 99-9 63-5 
| 355 318 215 164 
| 420 379 316 256 | 
474 463 401 354 
| $49 | 524 489 44\ 
| 621 562 529 
681 | 723 666 619 
808 853 760 731 
1000 971 891 855 
1189 1133 | 1046 992 
1594 312 | — 1294 
1526 | 1460 1393 
1747 1660 | 1548 1512 


72 
122 
189 
264 
348 
44) 
538 
665 
803 

1101 
1176 
1295 
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23:3 17:3 14-6 
34-6 
124 95 
| 208 176 
307 250 
| 400 282 
493 430 
. 585 530 
648 609 
838 759 
964 902 
1294 1155 
1347 1273 
a 1491 1372 
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A reaction scheme may be: 
Sn(IV) halide + methanol = un-ionized complex (A) 
Sn(IV) halide + water = un-ionized complex = hydrolysis products = ions (B) 


Process (A) may also have an ionization step, but if so, the ionization must be very 
much less than that for process (B). Maximum concentrations of hydrolysis products 
are determined by the solubility products for the basic salts and hydroxides formed. 
Thus the almost complete hydrolysis for low Sn(IV) concentrations in water and the 
rapid decrease on addition of methanol or more Sn(IV) can be understood. 

While no detailed mathematical analysis of the spectrophotometric”’ and con- 
ductance data can be attempted because of the complexity of the system, competing 
reactions (A) and (B) do qualitatively explain the minima reported for the spectro- 
photometric data” (also see Introduction) and the monotonic decreasing dependence 
of molar conductance on methanol concentration (Fig. 3) for solutions with fixed 
Sn(LV) concentrations. It may also be shown that reaction schemes which assume no 
specific interactions, cannot explain these data. 


Acknowledgements—Sincere thanks are due the Research Corporation and the Research Foundation, 
State University of New York for financial support of this work. The author also acknowledges 
gratefully technical assistance by G. E. MCALONIE 


4 i 
‘ 267 
Le 
q 
G 


J. Inorg. Nucl. Chem., 1960, Vol 14, pp. 268 to 272. Pergamon Press Lid. Printed in Northern Ireland 


INORGANIC SALTS DISSOLVED IN NON-AQUEOUS 
OR IN MIXED SOLVENTS—III 


CONDUCTANCE STUDIES OF SnCl,-5H,O AND SnCl,-2H,O DISSOLVED 
SEPARATELY IN METHANOL-CARBON TETRACHLORIDE 


P. A. D. bE Maine, M. M. be Maine, and G. E. MCALONIE 
Chemistry Department, State University College of Education 
at Albany, 135 Western Ave., Albany 3, N.Y. 


(Received 12 August 1959; in revised form § October 1959) 


Abstract—Conductance measurements are reported for SnCl,5H,O and SnCl,-2H,O dissolved 
separately in methanol and in methanol-carbon tetrachloride at 25°C. Empirical relations between 
the specific conductance and the Sn(IV) and Sn(I1) concentrations are given. Phase separation 
phenomena for the separate salts in the mixed solvent are also reported. Mechanisms which qualita- 
tively explain the data are discussed. 


DE MAINE and De Maine" reported that SnCl,-5H,O dissolved in methanol or in 
methanol-carbon tetrachloride obeys Beer's Law for any fixed solvent composition. 
The molar extinction coefficient of the Sn(1V) species varies with the methanol concen- 
tration. This suggests that specific interaction occurs between a mononuclear Sn(IV) 
species and the methanol. 

These authors also reported that SnCl,-2H,O in the same solvents does not obey 
Beer’s Law for any single fixed solvent composition. However, the molar extinction 
coefficients do not change as the solvent composition is varied. Thus it seems that 
two mononuclear Sn(II) species interact specifically to form a weak complex. As the 
deviations from Beer’s Law become less marked when the methanol concentration 
is decreased") at least one of the interacting mononuclear Sn(I1) species must be an 
ion. 

In the same work") it was reported that for certain critical concentrations of 
SnCl,-5H,O, methanol, and carbon tetrachloride two-layer formation was observed. 
In such systems clear single-layer solutions were obtained by increasing the methanol 
concentration. 

In the present work we report results for a detailed conductometric study of the 
two tin salts dissolved separately in methanol or in methanol-carbon tetrachloride 
at 25°C. 

EXPERIMENTAL 

Fisher Spectro Grade methanol and carbon tetrachloride were thoroughly purged with dry 
nitrogen (dew point less than 40 C; oxygen less than 0-01 per cent), supplied by Albany Welding 
Company. Fisher reagent grade SnCl,-5H,O (lot no. 782698) and SnCl,:2H,O (lot no. 1311) were 
purged with dry nitrogen to remove traces of oxygen. 

Bulk solutions were made by accurately weighing the desired quantity of salt and dissolving it in 
pure methanol in a dry nitrogen atmosphere.'*’ These solutions were diluted to the desired concentra- 


tions immediately before measurements were made. Solution preparation and the filling of the 
conductivity cells, were performed in a dry nitrogen atmosphere. 


") M. M. pe Marine and P. A. D. pe Marne, J. Inorg. Nucl. Chem. 11, 13 (1959). 
2) P. A. D. pe Marine and E. Kousek, J. Inorg. Nucl. Chem. 11, 329 (1959). 
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Conductance measurements were made with the General Radio Impedance Bridge (Type 650-P1) 
and a Leeds and Northrup type cell immersed in a thermostat set at 25 + 0-02 Cc Reproducibility 
tests showed that the measured values are accurate to better than one per cent; and the resistance of 
the solutions showed no measurable change even after | hr. 

Specific gravities of the solutions were determined at 25°C immediately after the conductivity 
measurements were made. These values were required for accurate calculation of the concentrations. 

The solutions studies were as follows: for SnCl,5H,O, sixteen salt concentrations between 0-0023 
and 0-468 mole/|. for each of ten solvent compositions (methanol! from 24-56 to near 6-00 moles/l. 
with CCI, as diluent) 

For SnCl,-2H,O; sixteen salt concentrations between 0-0026 and 0-520 mole/!. for each of thirteen 
solvent compositions (methanol varied from 24-56 to 0-69 mole’! with CCI, as diluent). 


\ 


| 
| | 


— 


Molar conductance 


TN 
. 6, 


yers 


Fic. 1.—Plots of molar conductance versus the square root of the Sn(IV) concentrations for 
SnCl,y5H,O dissolved in methanol-carbon tetrachloride at the ind cated methanol concentra- 
tions. All concentrations are in mole’! 


RESULTS 
Solutions with SnCl,-SH,O dissolved in methanol or in methanol-carbon tetrachloride 


Plots of the molar conductance versus the square root of the Sn(IV) concentration 
at constant solvent compositions are linear for high Sn(IV) concentrations. The 
salt concentration range for which linearity is evident increases with increased 
methanol concentration, and the molar conductance decreases. The slopes of these 
linear portions simultaneously progress from negative to positive values. Fig. | 
illustrates these points. 

Plots of the specific conductance versus the Sn(1V) concentration for solutions of 
fixed solvent composition, show well-defined linearity for two ranges of salt concentra- 
tion. As the methanol concentration is decreased the specific conductance and the 
slopes of the lines decrease. These points are illustrated in I ig. 2. Slopes and positive 
intercepts for the linear plots at the indicated salt concentration region, together 
with the number of points with root-mean square deviations from the line of less 
than one per cent, are given in Table 1. 

In agreement with published work” two-layer formation occurs for certain 
critical methanol and salt concentrations (Fig. 2). No deviations from the linear 
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relations just described were observed for any solvent mixture until two-layer forma- 
tion had actually taken place. A detailed conductometric and analytical study of 
two phase Systems 1S in progress 

Plots of the molar conductance versus the methanol concentration. at constant 
Sn(IV) concentrations, yield hyperbolic curves whose pitch gradually decreases as 
the Sn(1V) concentration increases. Similar plots for the specific conductance data 
yielded hyperbolic curves at Sn(IV) concentrations less than 0-1800 mole/I.. and 


straight lines at higher concentrations. 


Fic. 2.—Plots of specific cor tance versus the Sn(IV) concentration for SnCl,-5H,O 
dissolved in methanol—carb« achioride at indicated methanol yncentrations. Broken 
lines indicate reg where two-layer formation was observed Relations for solutions with 
low Sn(1V) concentrations are illustrated in the inset. All concentrations are in mole/1 


Solutions with SnC\,-2H,O dissolved in methanol or in methanol-carbon tetrachloride 


Plots of the molar conductance versus the square root of the Sn(II) concentration 
at fixed solvent compositions again show straight line portions at high salt con- 
centrations. The SnCl,-2H,O concentration for which linearity is evident decreases 
as the methanol concentration is increased. Slopes for the straight line portions again 
gradually increase from negative to positive as the methanol concentration is decreased, 
but the transition is more marked than for the solutions with Sn¢ |, 5H,O. 

Plots of the specific conductance versus Sn(I]) concentrations at constant solvent 
compositions are linear for two salt concentration regions and intersect at a sharp 
transition point. As the methanol concentration is decreased the specific conductance 
and the slopes for both intersecting Straight lines also decrease. However, the con- 
centration ordinate, which describes the transition point, remains unaltered with 
methanol concentration. In Table 2 are given the slopes, one intercept, the con- 
centration regions, and the number of points with root-mean-square deviations less 
than | per cent for the intersecting straight lines. Co-ordinates for the sharp transition 
points are also given. 


‘) P. A. D. pe Marne. In preparation 
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Taste | THE store, m,(mho |./mole) AND THE CONDUCTANCE AXIS INTERCEPT 


(mho cm ') FOR THE I INEAR RELATIONS BETWEEN SPECIFIC CON! ANCE AND SnCl, 5H,O CONCENTRA- 
TION FOR THE INDICATED MIXED SOLVENTS. THE NUMBER OF | TS (p) WITH ROOT-MEAN SQUARE 
DEVIATIONS LESS THAN I PER CENT IN THE INDICATED SALT CC : RATION REGIONS ARE ALSO GIVEN 


ALL CONCENTRATIONS ARE IN | 


Low concentrations High concentrations 


MeOH 


cone. 


Salt conc Salt ce ne 
range 10? range 10° f 


+ 500-0 
22:59 0-90 50 -- 9100 0-75 +00 20-0 500-0 
500-0 
$00.0 
500-0 
450-0 


255.0 


200-0 


100-0 


Taste 2 THE SLopEs, mm, (mhocm™' |./mole) AND THE sPECIFIE TANCE AXIS INTERCEPT imho 


cm~') FOR THE LINEAR RELATIONS BETWEEN SPECIFIC CONDUC) SaCly2H2O CONCENTRATION 
FOR THE INDICATED MIXED SOLVENT THE NUMBER OF POINTS A H ROOT-MEAN SOUARE DEVIATIONS 
60 LESS THAN | PER CENT IN THE INDICATED SALT CONCENTRATION k $ AKE ALSO GIVEN. Z AND & ARE 
CONCENTRATION AND SPECIFIC CONDUCTANCE CO-ORDINATES } NSITION POINT BTAINED BY 

SIMULTANEOUS SOLUTION OF THE TWO LINEAR FUNCTIONS \ NCENTRATIONS ARE IN mole | 
] Low salt concentrations q High sa nirations 

‘ 1o* > ” 


ranec 


Plots of the specific conductance versus the methanol concentration for constant 


salt concentrations are also linear at salt concentrati greater than 0-210 moles/! 
For Sn(1l) concentrations below 0-210 moles/l. the plots show a positive curvature 
Plots for the molar conductance have the same general characteristics as those for 
SnCl, 5H,O solutions 

I wo-layer formation was first observed for a solution 0-260 mole/l. in Sn¢ l,2H,O 
and 6-00 moles/l. in methanol. No two-layer formation was observed for any Sn(1I1) 
solutions containing 6°89 moles/l. of methanol. Thus the phenomenon of two-layer 


formation occurs at much higher methanol concentrations for Sn(1V) (I ig. 2) 
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DISCUSSION 
A detailed theoretical examination of the conductometric and spectrophotometric 
data for tin chloride systems is now in progress and will be submitted separately." 
At present only general conclusions about these systems will be drawn. 


Solutions with SnCl,5H,O 


[he linear portions of plots of the molar conductance versus the square root of 
the Sn(lV) concentration, at fixed solvent composition (Fig. 1), suggest that for the 
high salt concentrations a single ionization process predominates. For lower salt 
concentrations two or more lonization processes, which may be consecutive or 
competitive, must be operative. Since the linear portions extend to lower salt con- 
centrations as the methanol concentration is lowered (} ig. 1), the number of competing 
Or separate ionization processes is reduced at decreased methanol concentrations. 
From specific conductance versus Sn(IV) concentration plots (Fig. 2, Table 1), it 
appears that one ionization process predominates at methanol concentrations below 
20-62 moles/I., in which region the plots are single straight lines. 

The gradual decrease ir lues for the molar conductance as the methanol con- 
centration is decreased he accepted view of the role played by the average 


dielectric constant of the 


Solutions with SnCl,-2H,O 


The linear sections ots of the molar conductance versus the square root of 
the Sn(Il) concentration for fixed solvent composition, suggest predominance at high 


salt concentrations of a single ionization process with formation of onlv two ions. 


For low salt concentrations two or more ionization processes. which mav be successive 


Or competitive, are operative At decreased methanol concentrations no single 
process predominates as 1s the case of Sn(1V) solutions (evidence from Table 2). As 
the concentration co-ordinate for the point of intersection of the two Straight lines 
appears to be nearly independent of the methanol concentration for the mixed solvents 
(Table 2), it seems that only one ionization process 1s Operative in each concentration 
region, and that the salt concentration alone determines which of the two ionization 


processes is operatiy e 
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INORGANIC SALTS DISSOLVED IN NON-AQUEOUS 
OR IN MIXED SOLVENTS—IV 


CONDUCTANCE STUDIES OF SnCl,SH,O AND SnCl,-2H,O DISSOLVED 
TOGETHER IN METHANOL-CARBON TETRACHLORIDE 


P. A. D. pE Maine, G. E. McALoniet and M. M. DE MAINE 
Chemistry Department, State University College of Education at Albany 
135 Western Avenue, Albany 3, New York 


(Received 12 August 1959; in revised form 5 October 1959) 


Abstract Conductance measurements are reported for SnCi,5H,O and SnCl,2H,O dissolved 
together in methanol or in methanol-carbon tetrachloride at 25 C. Empirical relations between 
the specific conductance and the total concentration of tin chlorides are given. Evidence of specific 
interaction between Sni(il) and SnilV) SPecies Is also discussed 


SPECTROPHOTOMETRIC data for Sn(1V) and Sni1l) dissolved together in pure methanol 
or in methanol-carbon tetrachloride at 20°C show that small quantities of the two 
species interact reversibily in solution to form a complex whose concentration is 
decreased at increased methanol concentrations.''' Browne ef a/.') have shown 
that the enhanced ultra-violet absorption found for SnCl,5H,O and SnCl,-2H,O 
dissolved together in aqueous solutions of hydrochloric acid. results from the form- 
ation of small amounts of a weak complex (\// — 600 cal/mole) thus: Sn(IlV) 

Sn(Il) - complex. The absorption due to the complex in methanol or in methanol- 


carbon tetrachloride’ is significantly less than the absorption of the complex 


in concentrated hydrochloric acid-water solution. 

These data suggest that for both aqueous and non-aqueous solvents, at least one 
of the two interacting mononuclear Sn species may be an ion. In the present work 
detailed conductometric studies for the mixed tin chlorides dissolved in methanol or 
in methanol-carbon tetrachloride are reported. 


EXPERIMENTAIL 

Chemicals and techniques are described in the paper III of this series 

Reproducibility tests showed that the measurements were accurate to within one percent if the 
nitrogen purged materials were handled only in a dry nitrogen atmosphere With such conditions no 
change in the resistance values was observed even after one hour 

Concentrations studied were: methanol three concentrations between 24°56 and 16°70 mole/! 
with carbon tetrachloride as diluent; SnCl,-2H,O plus SnCl,SH,O — sixteen concentrations between 
494 and 0-988 mole/l. for each solvent composition 


RESULTS 


The molar conductance for Sn(IV) plus dissolved in methanol or in 
methanol-carbon tetrachloride is significantly less than the summed molar con- 
ductances for the salts dissolved separately in the same solvent (Table 1). Plots of 


') P_ A. D. pt Maine and M. M. pe Marne, J. Inorg. Vuacl. Chem. 11, 144 (1959). 
') C.J. Browne, R. P. Craic and N. Davinson, J. Amer. Chem. Soc. 73, 1946 (1951). 
A. D. pt Maine, M. M. pe Maine and G. FE. J. /nore. Nucl. Chem. 14, 268 (1960) 
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the molar conductance versus the square root of the combined tin concentrations have 
the same general characteristics and shapes as the corresponding plots for the separate 
salt solutions.’*) For the combined salts, the linear portions cover a greater relative 
salt concentration range; and positive slopes occur for much higher methanol 
concentrations. 


Plots of the specific conductance versus the total salt concentration for constant 
solvent compositions again yielded two intersecting straight lines with sharp 


TABLE |.—CALCULATED (jic)* AND MEASURED (444) MOLAR CONDUCTANCES FOR SnCl,5H,O PLus 
SnCl,-2H,O DISSOLVED IN SOLVENT MIXTURES WITH THE INDICATED METHANOL CONCENTRATIONS (M) 


— 


| 


Salt ¢onc M 24°56 M 20-62 M 16-69 
(mole/! 10°) (me (mole/l.) (mole/|.) 


SnilV) 


60 
5-20 
59 


6°78 
6°68 
6°53 


6°54 
6-73 
6°82 
6:86 


6°86 
15-2 11-9 6°84 
14-9 2 12-4 6-90 
14:8 7 12-0 6-81 


* uo is the sum of the molar conductances for separate solutions of the two salts with identical 


solvent composition Temperature 25 


transition points (Fig. 1). Specific conductance and the slopes of both straight lines 
are again decreased by increased proportions of carbon tetrachloride. The salt 
concentrations at the point of intersection were 0-101, 0-106 and 0-162 mole/l. for 
solutions with 24-56, 20-62 and 16°69 moles/l. of methanol respectively. 


DISCUSSION 
A detailed theoretical examination of both the spectrophotometric’’ and the 
conductometric data, for tin chlorides is in progress.’ The complexity of the mixed 
and separate salt systems is such that at present only general conclusions can be drawn. 
The decrease in molar conductance when both salts are dissolved together in 
methanol or in methanol-carbon tetrachloride (Table 1) may be due to specific 


‘) P. A. D. pe Marine and R. Wicoin. In preparation 
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interaction between mononuclear species of Sn(Il) and Sn(I1V) alone. As the decrease 
in molar conductance is very much larger than the decrease with increasing salt 
concentration for the separate solutions (Table 1) the phenomenon cannot be 
attributed to the common ion effect. Of several possible modes of interaction, that 
between a Sn(II) ion and a Sn(IV) ion seems most likely. 

The low values reported for the molar conductance of the single salt and the two 


40 60 


IZ 


Specific conductance 


400 60C 
Conc of (Sn il + Sn I¥)x10° 


Fic. 1.—Plots of the specific conductance versus the total tin salt concentration for 
SnCl,2H,O plus SnCl,-5H,O dissolved in mixtures of methanol and carbon tetrachloride 
with the indicated methanol concentration. All concentrations are in mole/! 


salt solutions (Table 1) suggest that only a small portion of each salt is ionized. Simple 
calculations show that approximately 40 per cent of the ionized Sn(1V) and Sn(II) 
species combine in pure methanol.* These calculations also show that less than one 
per cent of the total Sn(Il) and Sn(1V) species combine in this way. 

Since the per cent decrease in molar conductances increases at decreased methanol 
concentrations, (Table 1) the number of ions entering into binary combinations must 
increase. This suggests that “solvation” by methanol of at least one Sn(II) or Sn(IV) 
ion species must prevent interaction. These results and conclusions are in complete 
accord with published spectrophotometric data. 


Acknowledgements—Financial support by the Research Corporation and by the Research Foundation, 
State University of New York is gratefully acknowledged. 
* In these calculations we assumed that both salts ionized only once, and the two positively charged 


tin ions combine thus: Sn(I1) ion + Sn(1V) ion = complex. The limiting molar conductances were assumed 
to be fifty for the three tin ions and 70 for Cl-. 
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Abstract—A new technique for the separation of alkyl phosphoric acids, based on ion exchange, is 
described. A mixture of mono-n-butyl-phosphate (H,MBP) and di-n-butyl-phosphate (HDBP) was 
successfully separated on a Dowex 50 resin bed. Up to 5 g of mixture per 100 mi of resin can be 
separated by eluting with water. The yields are up to 85 per cent and the purity is better than 99 per 


cent. The data obtained are discussed. The HDBP is rather strongly adsorbed on the resin and some 
evidence is given of a complex formation between the resin sulphonic group and two molecules of 


HDBP 


THe organophosphoric acids are often available as mixtures of mainly mono- and 
di-esters with variable quantities of pyroesters and free alcohol. Various methods 
for the separation of these mixtures are reported in the literature: fractional crystal- 
lization of the barium salts developed by PLimmMeR and BuNCH"!; or, by solvent 
extraction which gives even better results. However, the most convenient method 


is that developed by Stewart and CRANDALL" which was later improved by 


PEPPARD ef al 


As tar as it is known, no one has considered the possibility of separating the 


mixture by 1on exclusion On a cation exchange resin I his method appears particularly 


attractive when one considers that those acids readily form hydrogen bonds. The 


ion exclusion method ts suitable for separating components of different ionic strengths 


using a cation exchange resin. No chemical regenerants are required other than 


water. When an ion exchange resin is placed in a dilute solution of an electrolyte, 


the concentration of that electrolyte is lower in the aqueous portion of the resin 


phase than in the surrounding solution 


Such behaviour of the distribution of ionic solutes between water and resin led 


to the name “‘ion exclusion * Generally speaking, it has been found that non- 


ionic compounds are more retained inside the resin particles whereas ionic solutes 


are more readily excluded 


MATERIALS AND METHODS 


Preparation of the mixture of H,MBP and HDBP. Seventy grammes of P,O, (analytical grade) 
were put in a round-bottomed flask with four outlets into which were fitted a thermometer, a stirrer, a 


separatory funnel and a condenser. The flask was then placed in an ice-bath (to keep the temperature 


* Mono-n-butyl-phosphate will be abbreviated as H,MBP and di-n-butyl-phosphate as HDBP.'" 


R. H. A. Puimmer and W. J. N. Buncu, J. Chem. Soc. 292 (1929) 
2) D. C. Stewart and H. W. CranvaLt. J. Amer. Chem. S 73, 1377 (1951) 
D. F. Pepparp, G. W. Mason, J. L. Mater and W. J. J. nore. Nucl. Chem. 4, 334 (1957) 
* D. F. Pepparp, J. R. Ferraro and G. W. Mason, J. Inorg. Nucl. Chem. 7, 231 (1958) 
R. M. WHEATON, W. C. BAUMANN, /ndustr. Engng. Chem. 45, 228 (1953) 
" W. C. Baumann, R. M. Wheaton and D. W. Simpson, Jon Exclusion, lon Exchange Technology 
Academic Press, New York (1956) 
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as low as possible) and 140 ml of n-butyl alcohol (analytical grade) were added dropwise and the 
mixture was stirred vigorously. 

After the addition of BuOH, the temperature was raised to 95°C, and the solution was left at this 
temperature for about 4 hr. The final solution contains H,MBP, HDBP, smal! amount of H,PO,, 
n-butyl alcohol and sim.-di-(n-butyl)pyrophosphoric acid. A potentiometric titration method was 
used for analyses of the components of the mixture,'’’ and purification of the components, when 
necessary, was carried out according to the procedure of Stewart and Cranpa.t"’ which was 
modified and improved by er 


TABLE | 


Batch 


Molarity of 
H,MBP 
Molarity of 
HDBP 


Total molarity 


Ko(H,MBP) 
K«(HDBP) 


Separation factor 
K«(HDBP) 
Ka(H,MBP) 


Batch experiments. The feasibility of separation of these components by ion exclusion can be 
determined from the distribution coefficients (Ka) calculated from batch experiments 


(1) 


where Cr is solute concentration in the solution within the resin particles (milliequivalent/gramme of 
dry resin) and C is the solute concentration in the surrounding solution (milliequivalent/m! of solu- 
tion) 

In order to obtain the Kq values the cation exchange resin Dowex 50, X8, acid form, 50-100 mesh, 
was employed. The resin was washed with ten times its volume of IN HCl and after with distilled 
water until the reaction produced with AgNO, disappeared. To 50 ml of settled resin, 100 ml of H,O 
and a known amount of the mixture of HDBP and H,MBP was added. The resin was stirred for two 
hours, and later it was allowed to settle for 14 hr at room temperature. Fifty millilitres of the solution 
were filtered through a sintered glass filter, and titrated with NaOH by potentiometric titration 

The Ka was expressed for HDBP as follows 

Total HDBP (mmoles) — HDBP in solution (mmoles) 


HDBP in solution (mmoles) 


add for H,MBP as follows: 


Total H,MBP (mmoles) H.MBP in solution (mmoles) 
Ka(H,MBP) 
H,MBP in solution (mmoles) 


K« is dependent on the type of resin, the degree of cross-linkage, the concentration of the solute, 
and the presence of additional solutes in the same solution. If two solutes have different values of the 
distribution coefficient the separation of the two by ion exclusion can be accomplished. Furthermore, 
if the Ka value is known, it is possible to predict the appearance of a solute in the effluent, and the degree 
of separation by the column. The Ka values for H,MBP and HDBP were measured at different 
concentrations of a mixture of the two. These values are reported in Table |. In Fig. | the Cr values 


‘) S. Kennepy and S. S. Grimitey, AERE CE/R 968 (1953). 


2 
2 3 4 5 6 7 
 * 0018 0-035 0-053 0-071 0-141 0-212 0-282 
0-011 0-022 0-033 0-044 0-089 0-133 0-178 
0-30 0:30 0-34 0:36 0-49 0-62 0-72 
0-87 1-00 1-20 1-40 2:24 §-57 9-22 
l. 
60 
K Cr 
| | 
4 


C. CESARANO and C. Lepscxy 


mequiv/g of dry resin 


resin 


nsde 


Cr-conc 


vv 


C-CONc. outside resin, mequiv/m\ of solution 


Fic. 1.—Equilibrium distribution of HDBP, H,MBP and HC! between resin Dowex 50 and 
aqueous solution 


for H,MBP and HDBP are plotted versus the correspondent C values of the two acids. A similar 
curve which shows the behaviour of HC! plotted from the data of BAUMANN and EICHHORN'*? is 
reported for comparison. 

The values of the separation factor (x) expressed as follows: 


Ka(HDBP) 
(2) 


Ka(H,MBP) 


are reported in Table |! 
The variation of the x values versus the concentration of the two acids is shown in Fig. 2. From 
the curve in Fig. 2 it appears that the x value increases with increasing concentration of the two acids, 


@- seporation factor 


Total molority, HOBP+ H,MBP 
Fic. 2.—Effect of the initial concentration of HDBP and H,MBP on the separation factor («). 


'*) W. C. BauMANN and J. Eicunorn, J. Amer. Chem. Soc. 69, 2830 (1947). 
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to @ maximum value of 12'8. Thus the separation of the mixture appears feasible over a considerable 
range of concentration. 


Column experiments. Separations by the column technique were performed as follows: the column 
was 1:15 cm diameter and 180 cm high, the resin, Dowex 50, X8, 50-100 mesh, acid form: and the 
feeding solution was a crude mixture containing: H,MBP, 3-48 HDBP, 2.46 H,PO,, 0-20 mmole/ml 
and small amounts of sym.-di-(n-butyl)pyrophosphoric acid: 

O oO 
4 
Bu—O—P—_O—P—O— Bu 


HO HO 


Sym.-di-(n-butyl)pyrophosphoric acid and H,PO, are eluted first, followed by H,MBP and finally 
HDBP. Fig. 3 shows a typical elution curve of the separation. Several separations were performed 
with different quantities of feeding solution, keeping constant all other conditions. 


Resin - Dowex 50, «8, 50-100 


form 
0-7 


fi 
Column - diameter 
neigh 80 crm 
Feed- H,MBP 2) 2 mmoles 
06 DBP 3 3 mmoles 


rr’. 


+. VAP 


mmole 


5 0-4 
5 03 


= 
= 
40 80 20 60 200 240 28 320 360 


Volume of effluent 


Fic. 3.—Typical elution curve. Separation of sym.-di-(n-butyl) pyrophosphoric acid, H,MBP 
and HDBP on a Dowex 50 resin bed 


From the results obtained by column separation we were able to calculate (by means of the equa- 
tions given by Simpson and WHEATON'*’) the number of theoretical plates (P), the height of a theor- 
etical plate (HETP), the distribution coefficients (Ka) and the separation factor (2). 


2 — Vira) 
(3) 
HETP 4 (4) 

Vite 

Ke = (5) 

Ka(HDBP) 

Ka(H,MBP) 


‘* D. W. Simpson, R. M. WHEATON, Chem. Engng. Progr. 50, 45 (1954) 
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volume of the effluent of maximum concentration of the solute in millimetres. 
uv the half-width of the elution curve of an ordinate of |/e of the maximum number 


of millilitres, (e = 2-718) 
H = the height of the column in centimetres 
Viiq = the interstitial volume in millilitres 
V" vig the liquid occluded within the resin in millilitres. 
The Viig and V'iq values were measured following the procedure developed by WHEATON and 


BAUMANN" 
For the particular batch of resin which we employed, the following was obtained: Viig 0-30 

ml/ml of wet resin, = 0-42 mli/ml of wet resin 

The results of the column experiments are summarized in Table 2. As shown in Fig. 4, on the 


TABLE 2 


Feeding 


H,MBP (mmole) 1:74 3-48 5-22 7:50 11-25 22:20 
HDBP (mmole) 1-23 2-46 3-33 4-75 7-12 13-32 
nan 


Total 


Elution 


Vmax H,MBP(m!)) 110 115 113 115 110 105 
Vmax HDBPi ml) 150 185 168 194 196 222 
Flux (ml min per cm*) 0-17 0-17 0-17 0-17 0-17 0-17 
HETP* of H,MBPicm) | 131 7-7 1-4 18 2:1 43 
HETP* of HDEPicm) | 3-0 2:1 45 3-7 71 15-5 


K« calculated for H,MBP 0-74 0-80 0-78 0-80 0-74 0-67 
Ka calculated for HDBP 


Separat ion factor 
K.(HDBP) 
MBP) 


| 1-70 2:15 1-92 2:30 2°52 330 


HETP 


height equivalent of a theoretical plate 


column the x values for the column experiments increase with increasing amount of feeding solution. 


This is in good agreement with the batch tests reported above 


DISCUSSION 


RESULTS AND 


From our data, it appears that the method of ion exclusion is suitable for separating 
a mixture of H,MBP and HDBP. The advantages of this method are: 

(1) The column can be fairly heavily loaded: e.g. up to 5 g of mixture per 100 ml 
of resin can be separated, ca. 85-90 per cent of H,MBP and HDBP are 
recovered with a purity greater than 99 per cent. 

(2) The crude mixture can be used without any preliminary purification. 

(3) The resin does not require any regeneration at the end of each separation. 
The column is ready for a new cycle as soon as the HDBP is eluted. 

Preliminary tests indicate that the method can be used to separate different types of 
organoesters of phosphoric acid. The results of this research will be published at a 
later date. The actual mechanism of the separation does not depend solely upon 
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Separation of acidic esters of phosphoric acid by ion exclusion—I 


Fic. 4.—Variation of the separation factor in colun batch with feeding 


selective exclusion of the anion from the resin particles. Both acids have relatively 


high values of the dissociation contants. The following values are given in literature :® 
pk, (H,MBP) 1-72 
p& (HDBP) 1-89 


Thus they can both be considered Strong acids, at least in dilute solutions. and hence 
the separation cannot fully be explained in terms of different ionic Strengths. A 
better explanation might be that these compounds form weak complexes with the 
resin sulphonic group, Le 


O— Bu 


H-—-O O—Bu 


Such behaviour is suggested by the work of Pepparp er ail. For instance, they 
found that organo-phosphoric acids are depolymerized by acetic acid because 
stronger hydrogen bonds are formed. The formation of a weak complex between 
the resin and the HDBP is supported by the fact that the Ky value for HDBP (Fig. 5) 
1s above unity (from ca. | to 9-22), suggesting a rather strong affinity of the resin for 
this compound. However the Kg value for H.MBP is always below unity showing 


*' D. W. Kumier and J. J. Ener. J. Amer Chem. Soc. 68, 2355 (1943) 
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ndency of K 4. 


a less affinity of the resin for H,MBP. The structure of the complex (HDBP-Resin) 
was not investigated. However, it is evident from Fig. 5 that the Ky depends upon 
the second power of concentration when the molar concentration of HDBP is 
greater than 10°’. Such behaviour can be interpreted thus: the HDBP forms a 


complex with the sulphonic group of the resin, viz, 


Resin—SO,H .. . (HDBP), 


If we consider the tendency of HDBP to dimerize™ the structure of the complex 


might be: 


o i 
Resin 


On dilution, water breaks this complex, acting as a depolymerizing solvent. 
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THE DENSITY OF LIQUID ALUMINIUM OXIDE* 


A. D. KirnsHENBAUM and J. A. Canny 
The Research Institute of Temple University, 4150 Henry Avenue 
Philadelphia 44, Pennsylvania 


(Received 24 August 1959; in revised form 10 October 1959) 


Abstract— Using a molybdenum crucible and a tungsten sinker, the density of liquid aluminium oxide 
was determined by the loss in weight of an immersed sinker method over a temperature range of 
2375-2625°K. The liquid molar volumes were calculated for various temperatures and the expansion 
of the oxide on melting was determined 


A Basic knowledge of the physical properties of materials at high temperatures is 
becoming of increasing importance. A check of the literature on the density and 
surface tension of molten oxides and salts showed that very little data are available 
above 1700°K. The only data available were determined by means of the drop 
method"'.?.3. at the melting points of the oxides and salts. The lack of data at 
temperatures above the melting point is due mainly to the absence of suitable material 
that could withstand these high temperatures. 

At elevated temperatures it is difficult to find materials which will not react with 
the melts and at the same time endure these temperatures. Platinum and iridium, 
which are normally used, were not suitable because their melting and softening points 
are too low. After some study, the authors found that a tungsten sinker and graphite 
crucible could be used with molten fluorides at these elevated temperatures. 

When working with molten aluminium oxide, the tungsten float could still be 
used, but the graphite crucible could not because 


Al,O, + 3C —-» 2Al + 3CO. 


Due to its high cost of fabrication tungsten was not used as the crucible. Further 
studies showed, however, that molybdenum was suitable and crucibles were readily 
available. 

Using the tungsten sinker and molybdenum crucible, the density of liquid alu- 
minium oxide was determined by the loss in weight of an immersed sinker method 
over a temperature range of 2375-2625°K. 


EXPERIMENTAL 


Apparatus 


In these studies, the source of heat was a carbon tube resistance furnace in an argon atmosphere. 
It consisted of (C) a 3 in. carbon tube (grade GA National Carbon pipe, 97 per cent carbon) with 


* This research was sponsored by the National Science Foundation 


’ H. V. Wartenserc, G. Wenner and E. Saran, Nachr. Ges. Wiss Gottingen, Jahresber. Gesschaftsjahr, 
Math.—-physik. Klasse. Fachgruppen 11 (N.F.) 2, 73 (1936) 
\. W. Pererson, H. Kepespy, P. H. Keck and E. Scuwarz, J Appl. Phys. 29, 213 (1958). 
*) A. CALVERLEY, Proc. Phys. Soc. B70, 1040 (1957) 
W. D. Kincery, J. Amer. Ceramic Soc. 42, 6 (1959) 
™ A. D. KirsHensaum, J. A. Canute and C. S. Stoxes, The Density of Metal Oxides and Fluorides from 
1500° to 2500°K. Paper presented before the High Temperature Session of the Division of Industrial 
& Engineering Chemistry, at the Boston meeting of the American Chemical Society, April 12, 1959. 
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(E) copper electrodes on each end. The tube was centered in a metal shell and insulated with (F) 
Thermax carbon black. The furnace lids (D and L) were made of transite. Argon (A) was fed into 
the furnace through the metal shell and at the bottom through the transite lid (L) 


le mel 
im ox 


cgenum crucibdie 


When determining the density of molten aluminium oxide, a molybdenum crucible (N) 2§ in 
high and 14 in. diameter was used. It was suspended by molybdenum wires (H) in the center of 
the furnace surrounded by a graphite chimney (G) as shown in Fig. 1. A stream of dried argon (A) 
entered the bottom of the chimney and engulfed the crucible. The tungsten sinker (1), 4 in. diameter 
and | in. high, was suspended from an analytical balance (B) through a graphite lid (J) into the oxide 
melt (M) by means of a tungsten wire (K) 
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The density of liquid aluminium oxide 


Procedure 


The procedure used in these measurements consisted of weighing the sinker in the molten oxide 
while determining simultaneously the furnace temperature by means of a calibrated optical pyrometer 
The pyrometer was calibrated by measuring the melting points of nickel, platinum and iridium under 
black-body conditions. The reproducibility of the pyrometer readings was + 15°K. By taking many 
readings, however, the final temperature values had a probable error of 2 K or 0-08 per cent. The 
readings were made on the graphite chimney at the level of melt and were corrected for the emissivity 
of the graphite. 

At these elevated temperatures it was necessary to protect the crucible and sinker from water and 
air since they would react to form oxides of molybdenum and tungsten. This was achieved by work- 
ing in an argon atmosphere which was predried and passed over hot magnesium 

The volume of the tungsten sinker was always corrected to the operating temperature by the 
following equation, making use of the linear coefficient of expansion (x): 


2 


The =’s used in these corrections were those reported by WorTHING*’ and are summarized as follows: 


Temperature ( K) 


2000 
2200 
2400 


The density of the tungsten used was 19-222 g/cm* at 298-5 K (25-3 C) 
The density of the melt was calculated from the equation 


D 


where W, and Wy are the weights of the sinker in air and melt, respectively, and V;,, is the volume 
of the sinker at the temperature of the melt. The value obtained was corrected for the buoyancy of 
air (vacuum correction) by making use of the equation 


+ 
Pelw. 
density of the tungsten 

density of the melt 

apparent loss of weight by the substance 


weight of the sinker in air 
weight of air displaced by the sinker or by an equal volume of melt. 


Materials used 


The aluminium oxide used in these studies was fused aluminia obtained from Morganite Incor- 
porated and had a purity of 99-96°, Al,O, 
At these high temperatures, it was necessary to be sure that the molten oxide did not react with 
the crucible. If Al,O, reacted with the crucible, MoO, and Al would form 
Al,O,(1) Mots) > MoO,(¢) 2 Al(g) 


as well as AlO and the intermediate coloured oxides of molybdenum. The AlO on cooling, however, 
forms Al,O, and Al 


3A10 > Al,O, + Al 


Some Al,O, was melted in a molybdenum crucible and then analysed for Al and MoO,. The melt 
which was still colourless contained neither aluminium nor any oxide of molybdenum. 


‘) A. G. WorTHING, Phys. Rev. 10, 638 (1917) 
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RESULTS 


The only data available on the density of liquid Al,O, were those reported by 


WARTENBERG"? and KINGERY". They reported values of 2-5 0-1 and 2-97 +. 0-05 
g/cm”, respectively, at a few degrees above the melting point of Al,O, (2320 + 15°K) 


+ 


ity of liquid Al,O 


Using the method described above, the density of liquid Al,O, was determined 


from 2375 to 2625 K. The values obtained are tabulated in Table | and fall on a 


straight line as shown in Fig. 2 when density is plotted against temperature. The 


equation of this straight line is 


dD 5-632 


1-127 


1O-°T. 


The smoothed values and the corresponding molar volumes obtained from this 
equation are given in Table 2. 

The density of liquid Al,O, at its melting point gives a liquid density of 3-053 
g/cm® and a molar volume of 33-40 cm*/mole. Extrapolation of expansion data for 
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Temperature Density (g/cm*) Temperature (“K) | Density (g/cm?) 
| 
2383 2497 2-836 
- 2396 2-948 2535 2 
2405 2:926 2549 2 
* 2418 2-900 2560 2 
; 2442 2-861 2569 2 
2442 2:857 2569 2 
a 2447 2-869 2580 2 
: 2452 2-844 2594 2 
2461 2-860 2606 2 
2461 2:843 2606 2 
2487 2-852 2606 2 
2616 2 


TABLE |. 


The density of liquid aluminium oxide 


DENSITY OF LIQUID Al,O, 


MOLAR VOLUMES Of 


Temperature, 


Density 
(g/cm*) 


(smoothed values) 


MOLTEN Al,O, 


Molar 


volume 


(cm*/mol) 


the solid’? to its melting point gives a solid density of 3-73 g/cm* or a molar volume 


27-3 cm’/mole. Thus aluminium oxide expands 22 per cent upon melting assuming 
Ebert's solid data is correct. 
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NOTES 


A preparation of carrier-free iodate* 
(Received | March 1960) 


CARRIER-FREE iodate has been prepared employing cerium (IV),"’ chromium (V1J),"?’ and manganese 
(VII)'* as oxidizing agents. We wish to report a study of the oxidation of carrier-free iodine to iodate 
by nitric acid which has led to a procedure for the preparation of solutions of carrier-free iodate free 
of metal cations 

lodine-131 obtained from Oak Ridge was purified according to the procedure of KAHN ef a/.'*’ 
Analytical Reagent Grade nitric acid was treated with nitrogen to remove dissolved oxides of nitrogen. 
Nitric acid solutions of carrier-free iodine-131 were sealed in Pyrex tubes and heated in the absence of 
light in a constant-temperature oven. The reaction mixtures were subsequently analysed for iodate 
as described elsew here 


The results of the oxidation of iodine-131 by nitric acid, which are summarized in Figs. 1-3 


indicate that carrier-free iodate can be prepared in essentially quantitative yields by oxidation in 


00 


Activity oxidized to iodate 


Nitric acid concentration, molor 


FiG. 1.— Oxidation of carrier-free iodine to iodate in nitric acid solutions at 150°C for 3 hr. 


5-76 M nitric acid at 150°C for 3 hr. Oxidation at higher concentrations (> 8 M) of nitric acid is 
undesirable because of the formation of oxides of nitrogen which tend to reduce the iodate 

Evaporation of 5-76 M nitric acid solutions of carrier-free iodate to dryness in the dark, under 
0-1 mm Hg, at room temperature, with subsequent dissolution of the residue in distilled water, 
resulted in recovery of 88-98 per cent of the activity, all in the form of iodate Evaporation under 
similar conditions in the presence of ordinary laboratory lighting resulted in recovery of only about 
3 per cent of the activity. Low yields were also obtained on evaporation under a heat lamp or over a 
steam bath in the presence of light. Presumably, the oxides of nitrogen formed in the presence of light 
reduce the iodate to iodine which is then volatilized 

* This communication is based on work done under the auspices of the Los Alamos Scientific Laboratory 
and the Atomic Energy Commission (Contract No AT(11-1)-733) 
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') A. P. MuSAKIN and L. V. PucuKov. ZA Neorg. Khim. 4, 483 (1959) 

‘) M. Kann, A. J. FreepmMan and C. G. SHuttz, Nucleonics 12, No. 7, 72 (1954). 
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Fic. 2.-Oxidation of carrier-free iodine to iodate at 
acid for 3 hr 


Studies of the formation of iodate in 5-76 M nitric a 
heated for 3 hr at 150°C revealed a dependence on the 


iodide concentrations ranging from 10 -* to 10 * M, about 
todate; at 10°’ M, 93 per cent of the iodide was oxidized 1 
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Notes 


Formation of triethanolamine borate in aqueous solution 


(Received 4 Viarch 1960) 


Brown and Fiercuer''’ showed that when solid triethanolamine borate is dissolved in water, it ts 


slowly transformed into a basic substance which can be titrated with str ng acid These investigators 


indicated that in the solid state triethanol: 


mine borate had a “triptych” structure. It seems entirely 
possible that the “triptych” form of the triethanolamine borate chelate was being transformed into 


the “cage” structure which could be titrated The idea that the chelate might exist in water suggested 


that it might form in water. In their study Brown and FLetcner showed that addition of acid to a 


freshly prepared solution of the solid triethanolamine borate in water containing methyl red indicator 
results in an imn iediate change of the indicator to its acid colour, followed by slow neutralization 
and return of the dicator to its basic ¢ uur. This characteristic behaviour was exhibited by aqueous 


solutions prepared with triethanolamine and boric acid, thus demonstrating that triethanolamine 
borate was formed in water 

To determine the approximate amount of the chelate formed aqueous solutions of tricthanol- 
amine and aqueous solutions of boric acid were mixed and rapidly titrated to the methyl red end 


i measure ¢ trie Oasic trogen present By subtract ng the amount of 


titrant consumed Ir the amount required for complete neutt ration, a measure of the amount of 
nitrogen Cc rdinated with the boror btained. Three solutions each 0-05 M in triethanolamine 
and 0-05 M in boric acid were titrated with hydrochloric acid. Complete neutralization required 
10-30 m of standard acid. The first ition was titrated immediately after mixing the reactants, and 
9-95 ml (97 per cent ¥ tota f titrant were required to reach the first ¢ ] point The second solution 


f the total) 


it required & 10 mi of titrant (81 per cent of the total). These results demonstrate that triethanolamine 
and boric acid form a chelate in aqueous media and that 18-19 per cent of the triethanolamine ts in 
the riptycn form of the chelate These data do not exclude the p yssibility that some or all of the 
basic nitrogen may exist i solutio4#r n the c ige form 14 
An estimate f the equilibriut ncentration of the triptvch form of the chelate was determined 
by potentiometric titrations Titration f triethanolamine borate with hydrochloric acid showed 
that the equivalence p nt occurred at pH of 4:50. Consequently, the rapid titration of 1qUCcOUs 
solutions of the chelate 1 ts pH should give the amount of free base present By subtr icting the 
amount of titrant required for this titration from the amount required for the complete neutralization 
of the triethanolamine borate, a measure of the concentration of the triptych form of the chelate ts 
obtained A solution of the chelate w ch stood at room temperature for six days nd which required 
19-58 ml of standard acid for complete neutralization was rapidly titrated. To reach a pH of 4:50 
15-86 ml of acid were required; a duplicate determination gave the same result. This shows that 


81 per cent of the nitrogen in solution was in an available form, and hence, that 19 per cent of the 
nitrogen must be co-ordinated with the boron in the triptych structure 
An estimate of the equilibrium concentration of the triptych form of the chelate in butanol 
solution which stood at room temperature for three days was obtained in the same way. This showed 
that 22 per cent of the nitrogen present was co-ordinated with boron 
C. A. Luccnesi* 
D. D. DeForp 


Northwestern University 


Evanston, Illinois 


* Present address: Analytical Research Department, The Sherwin-Williams Co., Chicago 28, Illinots. 
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The chelation of the ferricinium ion by certain carboxylic acids 


(Received 7 March 1960) 


Tue addition of ethylenediaminetetra-acetic acid to a solution of the ferricinium ion containing 
40 per cent by weight of ethanol gives rise to a colour change from the blue of the ferricinium ion to 
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the yellow of a stable chelate. The addition of acid to the solution of the chelate regenerates the 
ferricinium ion at the same optical density as that previous to chelate formation. In a similar medium 
the addition of | 2-diaminocyclohexanetetra-acetic acid. citric acid, oxalic acid and tartaric acid gives 
rise to yellow chelates in solution 

The ferricinium ion in this medium gives rise to a polarographic wave at +0-16 V"’ whilst on 
addition of EDTA and adjustment of PH to 3-5 a wave is obtained at 14 V with a similar diffusion 
current to that of the ferricinium ion. The addition of | 2 diaminocyclohexanetetra-acetic acid at 
pH 3-5 leads to a wave at —0-13 V. No well-defined waves were obtained with the other reagents at 
various pH’s, although there was a considerable modification of the ferricinium response at + 0-16 V. 

A Job plot for each reagent showed that a 1:1 chelate was formed in each case, and a spectro- 
photometric study of ferricinium ion—EDTA solutions at pH 1-90 indicated partial dissociation of 
the chelate. By the technique described previously,'*' and from measurements of the extinction 
coefficients of the chelate and of free ferricinium ion log K. for the ferricinium chelate of EDTA was 
found to be 17-4. The values of the acid dissociation constants of EDTA used in this determination 
were those obtained by SCHWARZENBACH Similar quantitative measurements of optical densities 
with the other reagents indicated that thé strength of chelation is in the decreasing order 1:2 diamino- 
cyclohexanetetra-acetic acid EDTA - citric acid oxalic acid tartaric acid. 

In each case, upon increasing the pH the yellow colour of the solution remained substantially the 
same until pH 7-5, when the solutions assumed a brown colorati: n which was complete at pH 8S. 
Addition of acid to these solutions indicated that the ferricinium ion could be regenerated. On 
standing, a brown precipitate was formed which consisted substantially of ferric hydroxide. 


Experimental 


Stock solutions of ferricinium perchlorate in 95°, ethanol were obtained by oxidation of ferrocene 


in 95”, ethanol containing perchloric acid at a platinum anode Reagents were of A.R. grade 
where possible. The amino carboxylic acids were purified as described previously." Spectro- 


photometric and polarographic data were obtained as previously indicated, the Strength of the 
solutions being adjusted to 0-1 M by addition of ammonium chloride 
T. D. 
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A new synthesis of tetramethylethy lenediphosphine 
(Received 9 March 1960) 


P,P,P’,P’-Tetraalk viethy lenediphosphines, a group of powerful chelating agents,'"’ have been prepared 
by stepwise alkylation of phosphine and by addition of tetraalkylbiphosphines to ethylene A 
more convenient synthesis has now been found and involves addition of tetramethylbiphosphine 
disulphide(1), obtainable in 85 per cent yield from methylmagnesium bromide and thiophosphory! 
chloride,’ to ethylene to give P.P.P ,P’-tetramethylethylened phosphine disulphide(I1). 


(CH,),P—P(CH,), + CH.==CH, -+ (CH,),PCH,CH,P(CH,), 


1 
IL 2(C,H,),P (CH,),PCH,CH,P(CH,), + 2(C,H,),PS 


C. E. Wymore, Ph.D. Thesis, University of Ilinois (1957) 

') A. B. BurG, Wright Air Force Development Center Conference on High Temperature Polymers and 
Fluid Research, May, 1959 

H. Remwarot, D. Biancui and D. MOLLE, Ber. 90, 1657 (1957) 
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Desulphurization of II with tributylphosphine gave P,P,P’,P’-tetramethylethylenediphosphine(II1) 
in 78 per cent yield Although the overall yield is similar to that reported by BurG,"? this reaction 
sequence is more suitable for large-scale preparations because it involves no spontaneously flammable 


materials 
It was also found that tetramethylbiphosphine disulphide(1) itself can be desulphurized with 
tributylphosphine to give tetramethylbiphosphine(IV) in 69 per cent yield. Triethyl phosphite also 


serves as a desulphurizing agent in this reaction but gives a lower yield of IV 


(CH;),P—P(CH,), + 2(C,H,),P (CH,),PP(CH,), 2(C,H,),PS 


> 


Experimental 


P.P.P’.P’-Tetramethylethylenediphosphine disulphide. Each of four 165 ml Carius tubes was 


charged with 11-2 


z of tetramethy!lbiphosphine disulphide, 0-3 g of iodide and 2-0 g of ethylene. The 


tubes were heated at 275° for 48 hr. The light yellow, crystalline product was recrystallized from 


ethanol to give fine, off-white needles, m.p. 257-263 ; yield, 30-5 g (60°). Two more recrystal- 
lizations gave pure white P,P,P’,P’-tetramethylethylenediphosphine disulphide, m.p. 260-263 
(Found: C, 33-53; H, 7-55; P, 29-07; S, 30-30. Calc. for C,H,,.P.S,: C, 33-63: H, 7-53; P, 28-92: 
S, 29°93.) 


P.P.P’,P’-Tetramethylethylenediphosphine. A mixture of 19 g of P.P.P’.P’-tetramethylethyvlene- 


diphosphine disulphide and 40 g of tri-n-butylphosphine'*’ was heated to 245 in a nitrogen atmos- 
phere in a 100 mil flask fitted to a 12 in. spinning-band column. The mixture soon became homo- 
geneous and 20 ml of a clear, colourless liquid distilled at 160—190° over a period of | hr. Redistillation 


gave 10°42 (78°.) of P,P,P’,P -tetramethylethylenediphosphine, b p. 104°/60 mm; ny 1-4887, m Pp 


5 to 1° (Lit. values: b.p. 188°, m.p. 0°). The proton magnetic resonance spectrum was 
identical to that of an authentic sat ple prepared by addition f tetramethyl biphosph ne to ethylene.'®’ 
4 10g sample of the diphosphine was dissolved in 50 ml of ether and stirred in a nitrogen 
atmosphere while methy! bromide was bubbled through the solution for 30 min. A white precipitate 


formed and was collected by filtration. Recrystallization from ethanol gave colourless crystals of 
P,P,P,P’,P’,P’-hexamethylethylenediphosphonium bromide, m p. 355-365° with decomposition 
(Found: C, 28-48; H, 6°58; Br, 47:13. Calc. for C,H,,Br,P,: C, 28:25: H, 6°52: Br, 47-00.) 
Tetramethylbiphosphine A mixture of 37 ¢ of tetr amethylbiphosphine d sulphide and 120 ml 
of tributylphosphine'*’ was heated in a nitrogen atmosphere in a flask attached to a 24 ir spinning- 
band column. When the pot temperature reached 130 , the solid dissolved A vigorous reaction 


occurred and 26 ml of cloudy liquid distilled over a period of 15 min. Redistillation gave 16°8 g (69°) 


of clear, colourless tetramethylbiphosphine, b P 139-141°, m p- Sto 1 (Lit. viaues b P 140 ‘ 
2-1 triplet like that reported 


m.p 2:1°). The proton magnetic resonance spectrum contained a | 


by Bur et al.'*’ The infra-red spectrum contained strong bands assignable to methyl CH and CP 


bonds and was identical with that of an authentic sample of tetramethylbiphosphine 

When tetramethylbiphosphine disulphide was heated with triethyl phosphite, crude tetramethyl- 
biphosphine, b.p. 139-143", distilled in 45 per cent yield. However, the infra-red spectrum indicated 
that the product was contaminated with triethyl phosphite (b.p. 155°). 


Contribution No. 607 from the G. W. PARSHALI 


Central Research Department 


Experimental Station 
E. 1. du Pont de Nemours and Co 
Wilmington, Delaware 


* The tributylphosphine used in these experiments was supplied by Metal and Thermit Corporation. 
A. B. BurG, J. Inorg. Nucl. Chem. 11, 258 (1959) 

‘A. B. Bura, P. J. Stora and W. MaAHter, Abstracts of Papers presented at the 134th Meeting of 
the American Chemical Society, September, 1958, p. 78P 
The author is indebted to Dr. WALTER MAH Ler for this comparison of the infra-red spectra 
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Some new hexachloroceric complexes 


(Received 14 March 1960) 


ALTHOUGH several attempts have been made''~*’ to isolate hexachloroceric acid crystals in a pure 
form, success has been achieved only recently.'*’ Moosatu'® has studied the formation, composition 
and stability of the ceric pyridinium chloride complex prepared from pure hexachloroceric acid 
crystals. The isolation and analyses of three new hexachloroceric complexes are reported in this 
communication 


Hexachloroceric acid crystals (2 5g) prepared by the method of MoosatH and Rao’® were 
dissolved in 50 ml absolute alcohol. In another vessel, dry piperidine (5 g) in 50 ml alcohol was 


converted to the hydrochloride. The hydrochloride solution was a ided dropwise from a separating 


funnel having a drierite guard tube which was fitted to the vessel containing the acid solution. 


Addition of the hydrochloride solution was continued till no more precipitate was formed. The 


orange-yellow precipitate was separated by filtration under dry 


conditions. Dry ether was added 
to the filtrate, when more of the complex was precipitated. The complex was recrystallized from 


tlcohol and was obtained as orange-vellow needle-shaped crystals. The crystals were washed with 


ether and Kept in a current of dry air for 15 min and analysed for cerium, active-chlorine and total 


chloride. The complexes with picoline and isoquinoline were prepared in the same manner and 


analysed. The preparation of the complexes was also carried out in diox ine and in methyl alcohol. 


There was no difference i 


composition of the products so prepared. The analytical results are 


presented in Table } 


Taare ! ANALYSIS OF THE HEXACHLOROCERIC COMPLEXES 


T 
Calculated values (°4) Experimental values 


| Cerium Active | Total —— Active | Total 
chlorine | chlorid | chlorine chloride 

Piperidine complex | | | 

(C.H,,NH),CeCl, | 6 66 6-76 40-56 26-21 | 6-34 37-89 
Pic e complex 

(C,H,NH),CeCl, 25-87 656 | 3936 | 25-27 | 5.95 36-92 

lsoquinoline complex 
(C,H,NH),CeCl, 22:83 34-73 | 21-95 32-95 


The low experimental values for total chloride are due to reduction of ceric to cerous with libera- 


tion of chlorine, when the complexes are put in water. However, the observed values are above the 


gram-atom ratio | : 5 of cerium to chloride (calc. 1 : 6) and are acceptable, in view of the good 
agreement between the experimental and calculated values for active-chlorine. Results of further 
Studies on the stability of these complexes will be reported elsewhere 


S. S. MoosaTu 
S. CHANDY 


Applied Chemistry Department 
University of Kerala 
Trivandrum, India 


J. Korres. 7. Anore. Chem 18, 305 (1898) 

F. Dit Sterano, Ann. Chim. Appl. 12, 130 (1919) 
V. CaGLion, Att tccad. Lincie 3, 332 (1926) 

4. J. GRANT and C. James, J. Amer. Chem Soc. 37, 2652 (1915). 

5S. S. MoosatuH and M. R. A. Rao, Proc. Ind. Acad. Sci 43,213 (19%¢ 
S. S. Moosatnu, Pri Ind. Acad. Sci. 48, 324 (1958) 
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The reaction of hexamminecobalt(II]) chloride with sodium cyanide 
(Received 16 March 1960) 


Tuer is no record of the synthesis of [Co(NH,),(CN)s] in the literature. In the course of a programme 
directed toward the preparation of inorganic polymers this compound became desirable. A possible 
route to this compound is through the reaction of [Co(NH,),JCl, with exactly 3 moles of cyanide ion. 
The displacement of the chloride from [Co(NH;),]Cl, should proceed more readily than substitution 
for the NH, because of the closed electronic configuration of the cobalt in [Co(NH,),]Cl;."'’ Thus, 
it should be possible to replace the chloride ions with cyanide ions in solution and then gradually 
substitute cyanide for the co-ordinated ammonia. Any [Co(NH;)3(CN),] formed would be expected 
to be relatively insoluble in water as it is a “neutral” co-ordination species 

When [Co(NH;),JCl, and NaCN were combined in | : 3 ratio in water, there was only slight 
precipitation at 5°C, whereas at room temperature somewhat more precipitate slowly formed. At 
80°C the best yield of product was obtained, and precipitation was substantial after a few minutes. 
The precipitate, however, proved by X-ray to be identical with authentic [Co(NH3).][Co(CN).] 
prepared by the reaction of [Co(NH,),JCl, with K,[Co(CN),], rather than to be the hoped for 
[Co(NH,)(CN),] 

The marked stability of the hexacyanocobalt(II1) anion compared to species containing fewer 
cyanide ions co-ordinated per cobalt(III) is suggested by the literature of the cobalt(II) ammines. 
Although many compourds containing [Co(CN),}* have been reported, [Co(NH;),(H,OMCN))CI,"” 
and the salts of [Co(en),(CN),]°'*' are the only cyanide-containing ammines of cobalt(IIL) reported. 

RAy'*’ found that [Co(NH,),(S,O,)JCI reacted with KCN to form K,[Co(CN),(S,O,)], and later 
ADAMSON'®! reported the analogous reaction for [Co(NH,),Br] The mechanism of the substitution 
was suggested by ADAMSON to consist of a rapid, cobalt(II)-catalysed path involving atom transfer 
and a slow reaction path not further identified. The slowness of the reaction of [Co(NH;),JCl, with 
NaCN suggests that the first step (slow) may be the replacement of one NH, to give the ion 
[Co(NH,),(CN)]**, which then undergoes a rapid “atom” transfer with Co(CN),*~ to yield 
[Co(CN),}>- and [Co(NH;),] via the cobalt(Il)-catalysed mechanism with NaCN given by 
ADAMSON for the rapid path in the reaction of [Co(NH;),X] 

After this work had been completed, a brief report on the reaction of cobalt(III) ammines with 
cyanide ion appeared The results reported for the reaction of [Co(NH,),}*°* with cyanide are 
strikingly different from the present study in that the major product of the reaction was found to be 


4 


an ion containing five cyanides per cobalt(III). Because of the absence of experimental details in the 
article, it is difficult to determine the cause for the difference in the course of the reaction in the two 
cases. One obvious difference is in the ratio of reactants, but this difference would appear on the 
surface to favour the formation of a pentacyano species more in the present study, for which there is 
less cyanide per cobalt. Another difference might be in concentrations; it appears that the solutions 
used by SHARPE and coworkers were at least tenfold more dilute than those used here. In a more 
dilute system the controlling step might be the aquation of [Co(NH;),]** rather than the replacement 
of NH, by CN-. A pentacyano-cobalt(III) species could then result from a cobalt(Il)-catalysed 
atom transfer 

The complete replacement of NH, by CN™ is also observed with platinum(I1). Buckton'”’ found 
that KCN reacts with [Pt(NH;,),]Cl, in aqueous solution to precipitate [Pt( NH,),J[PUCCN),]. It ts 
interesting to note that GRINBERG'*’ reports an intermediate behaviour for the reactions involving 
thiocyanate in place of cyanide. In aqueous medium the expected [Pt( NH,),.(SCN),] is isolated, but 
accompanied by some [Pt(NH,),][Pt(SCN),], whereas thermal decomposition of dry [Pt( NH;),)(SCN), 
leads only to [Pt(NH;),][Pt(SCN),] 


1H. Taupe, Chem. Rer. 50, 111 (1952) 

(2) K. A. HopmMann and S. Reinscu. Z. Anore. Chem. 16, 377 (1898). 

‘3) P. Ray and B. Sarma, J. Indian Chem. Soc. 28, §9 (1951) 

*) P. RAy, Quart. J. Indian Chem. Soc. 4, 325 (1927) 

5) A. W. Apamson, J. Amer. Chem. Soc. 78, 4260 (1956) 

H. S. NaGaRAsalaAH, A. G. and D. B. Proc. Chem. Soc. 385 (1959) 

'7) G. B. Buckton, Rec. Trar. Chim. p. 393. Wiirtzburg. May 1851; Chem. Zentr. 22, 696 (1851) 

A. A. Sektora Platiiny i Drugikh Blagorod. Metal. Inst. Obshch. i Neorg. Khim. No. 6, 
122 (1928): A. A. GrineerG and B. V. Pritsyn, Jbid. No. 9, 73 (1932). 
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E perimental 


The general procedure was to add a solution of 3-0 g of NaCN in 10 ml H,O dropwise with 
Stirring to a solution of 5-35 g of [¢ o(NH,),JCI, (obtained from the G. F. Smith Chemical Co., 
Columbus, Ohio) in 100 ml of H,O while maintaining the reaction mixture at the desired temperature. 
The amounts of precipitate formed were 0-12 g at 5'C, 0-68 g at room temperature (about 24°C), and 
2:50 g at 80°C. (Found: Co, 31-3%: 27:4°%%; N, 442°. Calc. for 
Co, 31:3°%:; NH,, 27:2 N, 44-7°) 

The authentic [Co(NH,),J[(Co(CN),] was prepared by the reaction of [Co(NH,),JCl, with 
K,{Co(CN),], a procedure Suggested in GMELIN’. The addition of 6-1 g of K,[Co(CN),] (prepared 
to a solution of 5-0 g of [Co(NH,),JCl, in 100m of H,0 as described in Inorganic Syntheses' ) dis- 
solved in 150 ml of H.O at room temperature gave a precipitate of 6-4 g of [(Co(NH,), IC o(CN),]. 
X-ray powder diffraction patterns of this product and the product of the reaction of [(Co(NH,),)CI 
with NaCN proved to be identical 


Acknowledgements—This work was supported in part by the Office of Naval Research GENE 
MINCARELL! assisted with the experimental work. and the analyses were made by the Analytical 
Department of the Pennsalt Chemicals ( orporation 
B. P. BLocx 

Pennsalt Chemicals Corporation 
Research and Development Department 
Wyndmoor, Pennsylvania 

GaMetins Handbuch der Anorganischen Chemie, Kobalt Teil B. System Nummer 58, (8th Ed.) p. 70. Verlag 
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(Received 27 January 1960; in revised form 18 Viarch 1960) 


EOUS Stiver tetrafluoroborate can be prepared in the sual way ifter and Baz"! 
from silver carbonate and fluoroboric acid However tse possidie to dehydrate it without 
decomposition Anhydrous ver tetrafluoroborate was first prepared by SHARPE" from silver 


metaborate and bromine trifl cd 


Wart has prepared a solution of the con pilex of toluene and silver fluoroborate in toluene by 
passing boron trifluoride into a su pension of silver fluoride in toulene under reflux. He found it 
impossible, however, to isolate the solid silver tetrafluoborate from this « Nution. Recently MEERWEIN 


and WUNDERLICH’ used silver oxide and boron trifluoride in the preparation of anhydrous silver 
tetrafluoroborate 

4AgO, 8BF,-+ 6AgBF, 2AceBO 
Silver metaborate formed as by product makes further purification necessary. CLirFoRD and 
KONGPRICHA™’ on the other hand have deve oped a simple method using silver nitrate, HF and BE 5 


AgNO, + HI BF, -+ AgBF, + HNO, 


The removal of nitric acid from the product and handling of liquid HF represent preparative problems. 

We have now found that it is possible to prepare anhydrous silver tetrafluoroborate simply by 
reacting commercially available silver (1) fluoride with boron trifluoride, in a suitable solvent such as 
nitromethane 


Ag BE, AgBF, 


Witkr-Dorrurt and G. Batz, Z. Anorg. Chem 159, 197 (1927) 
\. Gs. SHarpe, J. Chem. 4538 (195?) 

"J.C. Ware, J. Amer. Chem. Soc. 74, 3702 (1952). 

H. MeeRWEIN and K. ingew. Chem. 69, 481 (1957) 

A. F. Cuirrorp and S. Koncrericna, J. Jn we. Nucl. Chem. 8, 76 (1957) 
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To carry out the reaction the argentous fluoride is suspended in nitromethane and then boron 
trifluoride is introduced into the system. The solvent is then pumped off under vacuum. The silver 
fluoroborate is obtained as a white crystalline powder. It is very hygroscopic and somewhat light 
sensitive. It was found suitable to store it below pentane, which can be easily pumped off before use. 

We further observed, that a nitromethane solution of anhydrous HF and BF;, which acts as 
anhydrous HBF,, is capable of slowly dissolving finely divided silver powder with formation of AgBF,. 
This behaviour is in accordance with MEERWEIN’s observation*’ that finely divided silver powder 
is dissolved by acetonitrile solutions of aryl diazonium tetrafluoroborates and triphenylmethy! 
carbonium tetrafluoroborate with the formation of AgBF, 


Experimental 


Thirty-four grammes (0-268 mole) of silver fluoride (Harshaw ¢ hemical Company) was suspended 
in 40 g of dry nitromethane and boron trifluoride was passed into the shaken suspension for approxi- 
mately 30 min. The apparatus was protected in the usual way from air moisture. The temperature 
of the system rose to 60 C and was maintained near that value by periodically dipping the reaction 
vessel into an ice bath. When the solid AgF had almost completely gone into solution BF, addition 
was stopped. The quantity of BF, absorbed was 19-5 g (0-28 mole) (Theoretical quantity for complete 
reaction of AgF is 18g.) The nitromethane solution of silver fluoborate was colourless but murky 
Dry nitrogen was passed through this solution for | hr to remove some of the excess BF, present 
The CH,NO, solution was then filtered under dry nitrogen through a sintered glass disk into an 
evacuated flask held at a temperature of 70 C and under a pressure of approximately 5mm. The 
filtered solution was completely clear. The evacuated flask was topped by an externally heated glass 
column which facilitated removal of the nitromethane which was collected in a liquid nitrogen trap 
Upon removal of the solvent, an off-white solid remained which was covered in a dry box with 
n-pentane and ground in a mortar under this hydrocarbon to give a solid of small particle size 
Normal pentane was employed to protect the solid from exposure to the atmosphere and because it 
could be very easily removed to give the dry solid by evacuation at atmospheric temperature. After 
grinding the fluoborate was pumped dry at 70°C and then stored under n-pentane. The weight of dry 


olid obtained was 46 g (0-237 mole, 88-5°,). In view of the fact that grinding and other handling 
dures resulted in physical losses of the product, it is apparent that based on the quantity of Agk 


nployed, a yield of the order of YO per cent was obtained 


(AgBF, (194-7) Found Ag. 56°05 


(as nitron salt) Found: 43-8 


G. A. OLAH 
n No. 25 fro oratory Research Laboratory H. W. QUINN 
al of Canada Ltd 


Ontario 


V. HeEpeRICH rd irch. Pharm. 291/63 541 (1958) 


Preparation of pure pyrophosphorous acid 


(Received 23 March 1960) 


THis note is prompted by a recent private communication from a I uropean laboratory stating that 


phosphorus trina des dissolve simply rth shorous acid, in spite of AUGER'S claim to have 
made pyrophosphorous acid by violent itation of a mixture of orthophosphorous acid and 
phosphorus trichloride with a current of carbon dioxide at temperatures near 35 ¢ Using nuclear 
magnetic resonance (N.M.R.) for analysis, we find that both phosphorus trichloride and phosphorus 
tribromide react quantitatively with orthophosphorous acid to give pyrophosphorous acid 

When various ratios of crystalline rthophosphorous acid and phosphorus trichloride are sealed 


into glass tubes and held at temperatures in the range from 25 to 100 °C, it is found that the following 


reaction occurs stoicheiometrically: 


§5(HO),HPO + PCI, HO)H(O)POP(O)H(OH) + 3HC! (1) 


‘) V. AuGcer, C.R. Acad. Sci., Paris 136, 814 (1903) 
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With an excess of phosphorus trichloride over the stoicheiometry of the above equation, two phases 
are observed—one phase consisting of phosphorus trichloride, the other, of HCI dissolved in pyro- 
phosphorous acid Orthophosphorous, Ppyrophosphorous, and hydrochloric acids appear to be 
miscible, so that only one phase is found when five or more moles of (H¢ )), HPO are used per mole of 
PCI,. To the precision of | per cent of the total phosphorus by N.M.R., phosphorus trichloride 
and ortho-phosphorous acid react completely, when these substances are combined. No study has 
been made of the possibility of detecting an equilibrium when a small amount of pyrophosphorous 
acid is dissolved in a large excess of anhydrous hydrochloric acid under pressure. 

AUGER'S experiments were repeated at 35 and 100 ¢ using both phosphorus tribromide and 
phosphorus trichloride. When the stoicheiometry of equation (1) was followed, pyrophosphorous 
acid was formed in at least 99 per cent purity. Py rophosphorous acid containing only traces of HC] 
can also be obtained by opening the sealed tube corresponding to the stoicheiometry of equation (1) at 


acetone -dry ice temperatures and allowing the HC! to escape upon warming to room temperature 
We have found the melting point of pyrophosphorous acid to be 36 ¢ 

Due to indirect spin-spin splitting the of phosphorus by hydrogen, two sharp resonance peaks of 
equal intensity are seen in the N.M.R Spectrum at - 21 p.p.m. and + 28 p-p.m. of the magnetic 


held (as referenced to 85 per cent orthophosphoric acid at 25 C). This demonstrates that the pyro- 


phosphorous acid is a symmetrical molecule: and the fact that the observed resonances exhibit the 
same chemical shifts as do the resonance peaks for sodium pyrophosphite made by careful dehydration 


of monosodium orthophosphite proves the structure. The P-H indirect spin-spin splitting equals 
0-40 Gauss, which is the same as the splitting observed in the N.M.R. pattern of orthophosphorous 
acid. Moreover, the N.M.R. chemical shift from the ortho- to the pyrophosphorous acids is 1] 


p.p.m.—a value which ts about equal to the chemical shift when going from ortho- to Py ro-phosphoric 


acids 

E. SCHWARZMANN 
Inorganic Chemicals Division J. R. VAN Wazer 
Monsanto Chemical ompany 
St. Louis, Missouri 


Physico-chemical studies on mercurous molybdate 


(Received 6 December 1959; in revised form 25 March 1960) 


THe precipitation of metal molybdates is affected by a number of factors. e g. concentration of MoO,, 
age, formation of polymers and hydrolysis. Therefore simple gravimetric and titrimetric methods 


fail to indicate the correct composition of the precipitated salt. Hence the present investigation was 
initiated 


Experimental 


Solutions of A.R. Na,MoO, and Hg.(NO,), were prepared in conductivity water. The former 
were standardized as the quinoline complex"''* MoO,(C,H,ON),: He (NO,), was standardized 


against NaC! potentiometrically. Conductivities were measured with a Kohlrausch Universal Bridge, 


using a headphone, and were corrected for the dilution effect.'*’ Titrations were performed in both 


forward and reverse directions in aqueous and aqueous alcoholic media. Potentiometric titrations 
were performed with a bright platinum foil electrode in conjunction with a S.C.E. and Cambridge 


pH-meter. For amperometric titrations a ‘Manual Polarograph’ was used; measurements were 


made using a moving coil galvanometer and a dropping mercury electrode as cathode. Current 


values obtained after each successive addition of the titrant to the electrolysis cell were corrected for 
the dilution effect To suppress maxima in the C-V curves, 0-1 per cent gelatine was used, and to 
eliminate the migration component of the limiting current | M KNO, was used as the supporting 


electrolyte 
As the nature of the molybdate ion ts a function of H* concentration precipitation of molybdate 
is mainly governed by the pH of the solution, and it is interesting to study the conditions necessary 


R. Niericxer and W. D. Treanwett, Hele. Chim. Acta 29, 470 (1946) 
G. Cuarcor and D. Bezier, Quantitative Inorganic Analysis p. 293. John Wiley, New York (1957) 
* 1. M. Koutnorr and J. J. Lincane, Polarography (2nd Ed.) p. 890. Interscience, New York (1952). 
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for precipitation of mercurous molybdate. Dilute solutions of mercurous nitrate free from mercuric 
ion are prepared in water only, as the presence of free nitric acid leads to the formation of poly- 
molybdate ion. Following KUAN Pan et a/.'*’, and Bevan'*’ we have also, studied the titration curves 
for mineral acid and Na,MoO, and have found that at pH 4-6 trimolybdate ion predominates over 
other species. We have obtained normal mercurous molybdate Hg,O-MoO, in this pH-range; as this 
is a highly insoluble compound, a small concentration of molybdate ion is sufficient to precipitate the 
normal salt. Our observations are in accord with the views of Remy“* that usually normal molybdates 


arefprecipitated when polymolybdates might be expected 


mi of M/252 No, MoO,added to M/IGO Hg,(NO,), 


conductance, 


Corrected 


me of M/1D Hge NO added to M/60 NoMoO, 


IIR, reverse titration. 


1.—Conductimetric titration. Curve ID, direct titration; curve 


Fic 


obser ved) 


emf 


2 2 “+ 6 8 0 


Fic. 2.—Direct and reverse potentiometric titration. Curve ID, 0-1M Na,MoO, added to 


20 cc of 0-025 M Hg,(NO,),: direct titration; curve IIR, 0-125 M Hg,(NO,), added to 20 cc of 
00166 M Ng,MoO,: reverse titration. 


‘*) KUAN Pan and T. M. Hseu, Chem. Soc. Japan 26, 126 (1953). 
'S) Bevan, Ann. Rep. Chem. Soc. 53, 53 (1943) 
‘*)} H. Remy, Treatise on Inorganic Chemistry p. 168. Elsevier, London (1956). 
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A laboratory scale preparation of NF,‘ 
(Received 4 April 1960) 


DINITROGENTETRAFLUORIDE has been reported as a product of a reaction between NF , and certain 


solid metals When copper is used emperatures near 375 ind residence times in the order of 13 
This work wa 1 by the Offic fOr ce Research. Reproductic tall or part of this paper 


CC. B. ar dmer. Chem. Soc. 80. S004 (1958) 
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min are required. It appears that as the reaction proceeds, a protective copper fluoride coating is 
formed, which necessitates increasing the apparent reaction temperature and/or residence times with 
a corresponding decrease in the yield of N,F,. It has also been reported’*’ that NF, has been pre- 
pared in small yields by the vapour phase fluorination of ammonia. An arc discharge process reported 
by Frazer’ converts NF, to N,F, and N,F, in the presence of mercury in substantial (51-67°,,) 
yields but the process is operated at |-4 mm pressure and the production rate ts slow 

In an attempt to find a suitable laboratory scale preparation of N,F,, NF, was found to react 
successfully with mercury in a flow system at between 320 to 330. Temperatures outside of this 
range tended to lower the amount of desired product formed. For optimum results certain pre- 
cautions, cited below, are necessary. Employing them, 60”, of the NF, that reacted was converted to 
N,F, and to a small amount of the so-called cis isomer of N,F,. The use of mercury as a reagent 
seems to have the following advantages over a solid metallic reagent: the metal fluoride formed, 
HeF, is less dense than and insoluble in mercury; gaseous NF, can be bubbled through the liquid 
phase; the residence time is lowered to about 30-60 sec; and the reaction ts more homogeneous 

Certain obvious precautions are necessary The reagents must be absolutely drv and free of 
impurities, especially oxygen-bearing substances. The NF, used in this work was prepared by the 
action of a D.C. current on a solution of pyridine in HF (Simons process). It was thoroughly scrubbed 
with aqueous solutions of KOH and KI and dried preliminarily with conc. H,SO,. It was further 
dried by passage through powdered P.O, twice. Finally, it was thoroughly degassed. The mercury 
was redistilled 

The reaction system began with a cylinder of NF,. This had a needle valve which controlled the 
flow of gas through a flew meter into a metal vessel containing the mercury. This vessel consisted of 
two sections. The lower section was made from | in. forged steel pipe 15 in. long Ithada flange at 


n 


the top end. Just below the flange. on the outside of the pipe, were soldered several coils of 2 in 
copper tubing through which cooling water was passed The uppel section was constructed of | in 
nickel pipe with a flange at the bottom Through the top of this section was welded a ? in. nickel 
delivery tube and a like exit tube. When the two sections were assembled about a rubber gasket, the 
delivery tube reached to within | in. of the bottom of the vessel. The outlet tube attached to a glass 
trap. in which the products were c lected 

The reactor was heated with a fibrous glass heating tape wound about the lower 6 in. of the 
vessel. The reaction temperatures were determined by a thermocouple which was silver soldered to 
the vessel about 33$ in. from the bottom 

This system, when assembled with the mercury in the reactor, was flushed with dried helium gas 
as the reactor was heated to 320 over a several hour period. A flow of NF, was then maintained, 
without a carrier gas, at a rate of about 8 g/hr. As the reaction began, a sudden rise in temperature 
was observed. A compensation was made for this, until thermal equilibrium was reached. At the 
end of the reaction period, the products were purged from the system with dry helium gas into the 
glass collection trap which was c oled with liquid air. The outlet arm of the glass trap had a tee 
through which a counter flow of dry helium gas was maintained to prevent atmospheric air and water 
from diffusing into the system. The reaction products were transferred in vacuo to the pot of a low 
temperature fractionating column. The head of the column was cooled with liquid air and a dis- 
tillation was performed under an atmosphere of helium. The mixture of N,F,, N,F,. and NF, was 
allowed to warm slowly until liquid reflux was observed. This first condensate was slowly removed 
via a stop cock to a vacuum system and recondensed. As the least volatile component, N,F,, appeared 
in the reflux, it solidified on the head and was, in the main. retained there. Finally, when no further 
liquid reflux was in evidence, and the pot was empty, the solidified product was transferred to another 
collector in the vacuum system. It was a fluffy white solid which melted to a clear water white liquid. It 
had a mol. wt. of 103-5 and its infra-red spectrum was that reported for N.F, 

If the first condensate fraction was slowly transferred in vacuo until a portion poor in NF, was 
retained, the residue was found to contain an undetermined amount of the so-called cis NF, on the 
basis of an infra-red spectrum This latter mixture of NF, and N,F, was found to react with 


mercury and glass at room temperature. If a portion of the mixture was sealed in racuo with some 


3} S. Morrow, D. Perry and M. Conen, J. Amer. Chem. Soc. 81, 6338 (1959). 

J. W. Frazer, J. Inorg. Nucl. Chem. 11, 1166 (1959) 
C. B. Cotsurn, F. Jounson, A. Kennepy, K. L. MetzGer and C. Parker, J. Amer. Chem 
Soc. 81, 6397 (1959) 
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glass fragments, the reaction produced a white solid and ultimately all the N,F, was removed. On 
standing, the white solid that was produced slowly decomposed and evolved a brown gas with the 
properties of NO,. 

In a representative reaction between mercury and NF, using the conditions and precautions cited, 
50 g of NF, were reacted with an initial charge of 616 g of Hg (48-5 ml). Essentially 14 g of NF, were 
recovered as such and 16 g of NF, were isolated. 

The authors acknowledge their gratitude to Dr. C. B. Co_surn and his associates of the Rohm 
and Haas Company, Redstone Arsenal Research Division, Huntsville, Alabama, for the infra-red 
spectra of the various nitrogen fluorides compared in this work. 


R. D. Dresoner 
Departments of Chemistry and Chemical Engineering F. N. Tuumac 
University of Florida J. A. YOUNG 
Gainesville, Florida 


The solubility of NaO, in liquid ammonia 


(Received 9 March 1960; in revised form 6 April 1960) 


Ur to the present time no particularly good solvents have been found for the alkali metal superoxides: 
however, these compounds are dissolved to a slight extent in liquid ammonia. An absorption 
spectrum of the O, ion has been obtained for LiO,, NaO, and KO, solutions,’ and single crystals 
of NaO, were prepared for X-ray diffraction studies by recrystallization from liquid ammonia.'*’ 
SCHECHTER and KLEINBERG have reported that NaO, is soluble in liquid ammonia to the extent of 
roughly 0-3 g/100 cc of solvent, with some decomposition.’ Preliminary studies were performed in 
this laboratory by MONTABAN and SCHELAR'* 

In this work NaO.(s) was placed in a removable Pyrex cup at the bottom of a 250 mi flask which 
was cooled by a dry ice-acetone slurry. The sample was separated from the flask proper by a fritted 
disk. Dry liquid ammonia was distilled off a Na-liquid NH, solution into the flask and submerged 
the NaO,. The liquid NH, was stirred and allowed to stand for times ranging from 64 to 217 hr in 
order for equilibrium to be established between solid and dissolved NaO,. The NH, was then forced 
over into a standard sulphuric acid solution to fix the amount of NH, and sodium in the resulting 
solution was determined by standard flame photometric methods 

The results of five runs at temperatures between SO and 33 C failed to show any definite 
trend with temperature, and gave an average value for the solubility of 0-006 — 0-002 2/100 ml of 
NH, or 1-4 10 * g/mole of NH, 

The superoxide was carefully handled in a dry atmosphere, and from X-ray and infra-red analyses 
showed 90-95 per cent superoxide with only small percentages of carbonate and hydroxide impurities. 
The samples were generously provided by the Callery Chemical Company through the courtesy of 
Dr. H. SCHECHTER. 


S. H. Cowen 
J. L. MARGRAVE 


Department of Chemistry 
University of Wisconsin 
Madison, Wisconsin 


) J. K. THompson and J. KiemveerG, J. Amer. Chem. Soc. 73, 1243 (1951) 

'2)G. F. Carter and D. H. Tempteton, J. Amer. Chem. Soc. 78, $247 (1953) 

' D. L. Scuecuter and J. KieinserG. J. Amer. Chem. Soc. 76, 3297 (1954) 

M. Scuetar, M.S. Tuesis, University of Wisconsin (1954); E. M. Montasan, B.S. Thesis, 
University of Wisconsin (1955). 


Szilard-Chalmers reaction in metal phthalocyanines—II 


(Received 14 April 1960) 


It has been reported that the effects of post irradiation heating on the retention of “Zn in neutron 
irradiated zinc phthalocyanine are anomalous.''’ When other metallic phthalocyanines such as the 


‘ B. R. Payne, P. Scarcitt and G. B. Cook, Radio-isotopes in Scientific Research Vol. 2, p. 154. Pergamon 
Press, London (1958) 


4 
60 
‘ig 
af 
1 
4 
4 
4 
Sg 
4 
a 


Notes 


copper, cobalt and gallium derivatives were heated after irradiation, the retention increased (as do 
most other compounds exhibiting the Szilard—Chalmers effect) but the retention of the zinc compound 


appe ired to decrease This behaviour has been traced to a peculiarity of the method of extraction of 


the freed zinc ions from the irradiated zinc phthalocyanine. The method of extraction of the un- 


retained metal ions consisted of refluxing the irradiated target with dilute sulphuric acid for 2 hr, 


filtering the solution and estimating the amount of radioactive metal in solid and solution. This gave 


reproducible results, (and as far as the copper, cobalt and gallium compounds were concerned, the 


expected ones for post irradiation heating) although it was known that the extraction was incomplete 


Further experiments with the irradiated zinc compound, however, showed that the retention was 


quite low when determined by complete solution of the target in concentrated sulphuric acid, followed 


by dilution with ice water to precipitate the complex, but it increased slightly on post irradiation 


heating for 4 hr at 150 C, which is the normal behaviour in the circumstances. These results are 


APPARENT RETENTION OF %- AND $-PHTHALOCYANINES 


Apparent retention 


No post irradiation 4hr at 150 C 


heating 


Form Method of extraction 


Boiling dilute H,SO, 
Solution in conc. H,SO, 12-0 
lute H SO, 


H,SO, 


anomalous behaviour were also ex- 


ed. Tos w thal it was not due to the particular specimen of zinc phthal cyanine used earlier, ' 
further mater was prepared by the same method and also by double decomposition on mixing 
absolute alcoholic solutions of anhydr nc acetate and lihium phthalocyanine The zinc 
content f both agreed with the eor lue and infra-red analysis showed no free phthalo- 
cy € Extraction by hot dilute sulphuric acid of the irradiated samples, with no post-irradiation 
heating and with 4hr at 150 C, ga he same results as previously within the experimental error 


€ exists in two crystal modifications'*’ (usually designated the and //-forms) 


A possible explanation therefore of the zinc anomaly was the conversion of one form to the other 
| 


on post irradiation heating during which time the zinc atoms, freed by the Szilard—Chalmers recoil, 


J 


were rejected by the lattice on conversion to the new crystal form with a reduced opportunity or none 


to combine subsequently. No data exisis on the temperature at which this change occurs, but a 


thermal analysis using a simple differential arrangement showed that the x-form is converted to the 

at about 130 C. 1.e. below the temperature of the post rradiation heating used here. (The (-form 
appears to be stable.) However, copper phthalocyanine also exists in two modifications. The x-form 
of this has also been converted to the /-form by heating in this case at 200 C* although we found 
conversion to occur at 180 ¢ The form appears to be stable. Thus, a phase change also occurs 


2) P| A. Barrett, D. A. Frye and R. P. Linsteap, J. Chem. Soc. 1157 (1938) 

A A. Epert, and H. B. Gortites. J. Amer. Chem. Soc. 74, 2806 (1952) 

* Dr. GeorG von Lusecu, FIAT Final Report No. 1313, Vol. II], Dvestuff Research p. 466. U.S. Depart- 
Washington D.C., (1948) 
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shown in Table | 

TABLE | 

— 
2 | | Vol. 
| Solution in conc. Ei 12:1 16-0 14 
12-6 
7 1960 
( Boiling dilute H,SO, 12-0 43-4 
Bi filut H.SO, 91-0 

’ Several factors which might have been responsible for the =. 

Tere a} peat 
Zinc phthal 
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in the copper compound at a temperature well below the maximum used for the post irradiation 
heating''’ (240 C) but no abnormality in retention was observed 

It can be seen from the table that the difference in retention between the a- and 8-forms of zinc 
phthalocyanine is slight, when determined by the method of complete solution in strong sulphuric 
acid. There are large differences in apparent retention however, when dilute sulphuric acid is used 
to extract the recoil Zn. This is probably due to differences in particle size as it is known that the 
x-forms have good covering power as pigments but the /-forms are useless 

Samples were examined by infra-red spectroscopy to determine their form, previous work"! 
was Carried out with the zinc and copper in the x-form. The /-zine c »mpound for irradiation was 
prepared from the 2- by boiling in acetone for 8 hr and the copper //-form, by boiling the x-modifi- 
cation in cyclohexanol for 44 hr.'** Radioactive Zn was determined from the intensity of 1-17 MeV 
)-ray peak by scintillation spectrometry, after “*Na present in small amount as impurity had decayed 

1 would like to thank Mr. P. J. Fypevor for the infra-red analyses 

G. B. Coox 

Isotope Division 
A.E.R.E.. Harwell 
Didcot. Berks 


Absorption spectrum of Pm’*® in D,O, DCI 
(Received 25 March 1960) 


THREE groups of investigators have already reported the general structure of the solution absorption 
spectrum in Pm’ * between 3000 and 10,000 A."'-2" In every Case reported, the instrument employed 
was either a Model-LD or Model-DU Beckman spectrophotometer. and the largest amount of 
material handled was § mg 


intensity 


Relative 


Wove length (A) 


Fic. 1.—-Solution absorption spectrum of 0-039 M Pm*? in 0-023 M DCI (98 * D,O) 
(a) 6700 to 8300 \; (b) 6300 to 4700 A; and (c) 4700 to 3000 A. 


We wish to report the absorption spectrum of Pm‘? in 0-023 M DC! (98° D,O) from 2600 to 
19,000 A under higher resolution than previously reported. Using a Cary Model-14 recording 
spectrophotometer, we have observed additional structure in the ultra-violet region. Molar extinct’ 
'!) G. W. Parker and P. M. Lantz, J. Amer. Chem. Soc. 72, 2834 (1950) 


*) W. F. Meccers, B. F. Scripner and W. R. BozMan, J. Res. Nat. Bur Stand. 46, 85 (1951). 
‘* D. S. Stewart, Argonne National Laboratory Report, ANL 4812 (1956) 
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coefficients were calculated for all peaks from 2600 to 8233 A. No additional peaks were observed 
from 8233 to 19,000 A. 

An emission-spectrum analysis of Pm*? in 1 M HC! solution obtained from Oak Ridge National 
Laboratory indicated impurities of Nd. Sm, Al, Ca, and Am. Purification of 60 mg of Pm** was 
carried out by the use of a heated (87°C) Dowex-50 cation-exchange column with a-hydroxybutyric 
acid as eluting solution.’ After all other rare-earth impurities were separated from Pm**, the 
column was converted to a 12 N HCI column and Pm** was separated from actinide impurities.” 


TABLE 1.—ABSORPTION PEAKS OF Pm** IN 0-023 M DC! (98% D,O) 


4, Wavelength Band width at Pa e, molar 
| Slit width . 

of peak half max. | om extinction 

(A) (A) coefficient® 


2610 2690 | 0-080 


3074 3056-3081 0-075 | 0-32 
3126 3113-3139 0-061 0-77 
3153 3147-3160 0-061 0-31 
3200 3187-3213 0-061 2°53 
3281 3268-3294 0-061 4-96 
3329 3316-3342 0-061 4-73 
3440 3413-3460 0-061 0-39 
3870 3845-3890 0-030 0-21 
4015 4000-4057 0-021 0-51 
4226 4200-4250 0-017 0-20 
4496 4472-4520 0-016 0-41 
4583 4566-4600 0-015 0-69 
4933 4890-4986 0-013 1-41 
5448 5431-5470 0-012 3-40 
5476 5470-5502 0-012 3-33 
5679 5638-5700 0-013 3-77 
5750 5726-5760 0-013 0-64 
5905 5879-5929 0-013 0-23 
6261 6226-6300 0-019 0-45 
6838 6786-6886 0-048 2°13 
6980 6962-7000 0-069 2-14 
7019 7000-7036 0-071 2:54 
7152 7128-7176 0-075 0-36 
7347 7272-7400 0-13 3-05 
7824 7725-7872 0-40 1-54 
8010 7974-8046 0-52 0-85 
8057 8046-8080 0-52 0-74 
8233 8200-8245 0-71 0-24 


(No other absorption peaks were seen to 1-89 p) 


*Log(/,/)=A ebc. where A is the absorbance,¢ is inlitres x cm 1x moles“, 
b is the cell path length —2-001 cm, and c is in moles/!. 


The PmCl, solution was then taken to complete dryness under a heat lamp, and 30 ml of DCI, 
D.O solution added. The drying procedure was again repeated, and again new D,O, DCI solution 
added, giving a final solution of PmCl, in D,O, DCI 

The solution used in the absorption cells was analysed before and after each run. The concentra- 
tion of Pm** was determined by 47 beta counting, and the chloride concentration by the Volhard 


(4) R. M. Diamonp, K. Street, JR. and G. T. SEaBorG, J. Amer. Chem. Soc. 76, 1461 (1954). 
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method. The amount of H,O in the Pm** sample was obtained by comparison with known solutions 
of H,O in the D,O stock. One sample contained 30-0 mg Pm"? per 5-23 ml 0-023 M DCI (98”",, D,O). 

The Cary 14 spectrophotometer was calibrated at the factory with an AH4 Hg arc. The Nd** 
and Am** standards were run in this laboratory in order to check the absolute values of peak wave- 
lengths. The calibration results indicated the instrument to be correct to 1-5 A in the region from 
2700 to 4900 A and 2A from 4900 A to 2. The resolving power of the monochromator is about 
1-0A in the ultra-violet and visible ranges and about 3 0A in the near infra-red. The wavelength 
scale is reproducible to 0-5 A. Table 1 includes corrected wavelength values. The uncertainty in peak 
locations is <2 A. Slit widths and molar extinction coefficients, ¢, are also given. 

The Pm** solution spectrum was compared with solution spectra of Eu'*, Nd’. Sm°*, and Am *. 
No trace of the rare-earth ions was observed. A trace of Am** was detected by x-assay 0 06 mg/ml). 
Consequently, the Am’* peaks at 5033 and 8152 A were subtracted from the promethium spectrum 
and the remaining peaks taken as Pm** peaks. The solution absorption spectrum is shown in F ig. 1. 

Since additional peaks are not observed from 0-8 to 1-9 j, the groundstate multiplets, */, to °/,, 
should be separated by less than 5400cm~™' The group of peaks around 8000A are probably due 
to transitions from */, to the °F and *S multiplets. However, an analysis of the Pm * spectrum is 
best undertaken by studying the ion in a solid matrix. Such studies have already begun 


J. B. Gruper 
Lawrence Radiation Laboratory J. G. CONWay 
University of California 
Berkeley, California 


J. G. Conway and J. B. Gruser, Luminescence Spectrum of PmC!,, UCRL-9042 (1960); J. Chem. Phys 
32, 1586 (1960). 
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Approximate empirical formula for internal conversion coefficients 


(Received 11 February 1960) 


THE internal conversion coefficient is one of the important factors upon which the detection limit for a 
radionuclide depends when a y-scintillation spectrometer is employed for detection. 

This coefficient has been determined for a relatively small proportion of all y-rays. About 448 
values can be found in the Jabdle of /sotopes''’ including cases where the internal conversion coefficients 
can be estimated from the related experimental! data," i.e. the observed values of e,/y, eg/(e, 
Cg 


Cm). 
shell. Th 


,», etc., where eg represents the number of internal conversion electrons from K electron 


s corresponds to only one tenth of all known y-rays 


Es; Mev 


Fic. 1.—Plot of internal conversion coefficient against jy-energy. 


STROMINGER, J. M. HOLLANDER and G. T. SeaporG, Rev. Mod. Phys. 30, 585 (1958). 
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Letters to the editor 


If the internal conversion coefficient is expressed as a function of the ; ~energy using these experi- 
mental data, the coefficients for other y-rays may be estimated to some extent. The coefficients for 
these 448 cases have been plotted against the ; energy on log-log paper, and the centre line, L.. has 
been found graphically. Further, equidistant thick lines L, and L, which are parallel to L, have been 
drawn in such a way as 95 per cent of 448 points lie inside the lines, Fig. |. From these lines a formula 
for internal conversion coefficients has been obtained as follows: 


8-3 > ely 37 (1) 


and 


(2) 


(e/}') most probable = 5-5 10 


The inequality (1) has a probability of 95 per cent 

Examples of the application of these formulae will be shown below. Since the energy of the »-ray 
emitted from fluorine-20 (10-7 sec) is 1-63 MeV, the internal conversion coefficient for this vray has a 
9S per cent probability of lying between 1:3 10°? and § 10°*. Since the branching ratio for this 
mode of decay ts supposed to be unity, the fractional abundance of unconverted -photons must lie 
between 0-987 and 0-9999995_ In the same way, it can be deduced, with the same probable error. that 


the fractional abundance of unconverted -photons for the :-ray emitted from antimony-124m(21 min), 


whose *-energy is 0-OI85 MeV, is less than 0-04 


Minoru OKADA 


Government Chemical Industrial 
Research Institute, Tok vo 
Shibuya-ku, Tok yo, Japan 


Nickel nitrosyl complexes * 


(Received 14 April 1960) 


THe blue complexes formed by reacting nickel carbonyl with NO have been investigated by several 


authors. ' *' However. what appear to be identical nickel species have been variously formulated as 


(NiNQO) (see ref. 1): (NINO) * (see ref. 2) and (NINO)? (see ref. 6). The disugreement among these 


investigators appears to be due to the presence of oxidized impurities 


The present author has succeeded in preparing several stable complexes which are easily purified 


and whose properties can be rigorously investigated. 


Cale. for | Found 


62-35 62-48 
H 46 471 
p 
N 203 2-00 
Br 11-51 | 11-22 
Ni 8-00 
oO 231 2-71 


' By difference; m.p. (vacuum) 203 - 209 
mol. wt. Calc 693: Found 


* This research was sponsored by the International Nickel Co. Inc., 67 Wall Street, New York 5, New 
York 

"J. S. Anperson, 7. Anorg. Chem. 229, 357 (1936) 

W. P. J. Lewis and G. Wiixinson, J. Chem. Soc. 1775 (1959) 

H. A. Grunt. G. van Hessting and O. Prrencte. Lichies Ann 482, 161 (1930) 

R. L. Monn and A. E. Watts, J. Chem. Soc. 121, 32 (1922) 

3. C. W. Frazer and W. E. Trout. J. Amer. Chem. Soc. $8, 2201 (1936) 

H. Remien, Z. Anorg. Chem. 230, 223 (1937) 
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Five grammes of [(C,H,),P],NiBr, were dissolved in 50 ml of tetrahydrofuran. To this solution 
was added 5-6 g of anhydrous NaNO,. After refluxing for 30 min, the dark blue, almost black, 
solution was filtered and evaporated to a volume of 25 ml, and 25 ml of n-hexane was added. A 


small amount of a green oil separated out, from which the solution was decanted. On cooling the 
solution 1-3 g of the dark blue product precipitated and was filtered, washed and dried 


The infra-red spectrum shows the presence of a strong NO band at 1735 cm ' while all the other 

lra-red frequencies down to 700cm ' are due to (C,H,),P. This is similar to the frequency of 
1820 cm reported by Grurritn er al 
Several other compounds such as (C,H.),PONNiIOC H, »« H,OH have been prepared These 
ympounds will be reported in detail in the near future : 


R. D. FettHam 


4400 } 


Pittshurch 1%. Pennsylvania 


Interhalogen complexes in aqueous solution 


(Ree 115 April 1960) 


Fat stigated the systems |, Br, Br and I,-Cl.-Cl by extraction of the neutral halogen into 


CC He was able to interoret his results at 25 C in terms of the aqueous equilibria 
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NEUMANN Studied reaction (4) by measuring the ultra-violet absorption of ICI,~ and roughly 


confirmed F at results while in a recently completed study I have confirmed Fautt’s findings 
in the [Br system, finding that equations (1) and (2) can explain to within a few per cent the distribution 
of [Br between CCI, and aqueous bromide solutions from 10 * to | M in Br I have also elucidated 
the analogous reactions involving the heavier halogen astatine 


Atl 
AtBr 


Br 


Atl, 
AtBr, 


In a paper published last year in this journal, PUNGOR ef al. reported the results of potentiometric 


studies of the BrCl-Cl . ICI-Cl and IBr-Br~ systems which they interpreted to indicate that the 


complex ions formed were respectively BrCl,-°, and IBr,*.'* Since these conclusions differ 


markedly from FAuLt’s, a re-examinatic .. of the potentiometric study seems in order 
PUNGOR al. calculated their tentials from the couple 2e , in which A 
is the more electropositive halogen of the interhalogen compound. They assumed the concentration 


J. Amer. Chem. Soc. 86, $22 (1934) 
H. M. Nreumans, Paper presented at the 133rd Meeting of the American Chemical Society, San Francisco. 
April, 1958; Division of Inorganic Chemistry, Abstract No. 84. (A misprint in the abstract gives 1/K, 
as 1°3 10 The actual value found was 1-3 « 10°%.) 

E. H. Appetman, UCRL-9025 (Thesis.) 

 E. Puncor, K. BurGer and E. Scnucex, J. Inorg. Nucl. Chem. 11, 56 (1959). 
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of X to be constant. This is a manifestly incorrect assumption, since the X~ concentration is con- 
trolled by the equilibria 
XY Y¥,+% (5) 


and 2x) X,+ Vs; (6) 


In a solution to which no excess of X, or Y, has been added, the form of the } dependence of 
the emf depends on which of equations (5) and (6) proceeds further to the right. There are two 
limiting cases. If the ¥, produced by (6) is negligible compared with that produced by (5) 


while if the reverse is true 


0-058 0-058 (XV 
ky — log A, —- log | —— —- (8) 
2 2 LY ) KAY 


Here £,, is the standard potential of the aqueous Y,-¥ couple, — is the observed cell potential, 
A, and A, are the equilibrium constants of equations (5) and (6), respectively, and K, is the equili- 
brium constant for the reaction 


(n 1)) (9) 


The value 0-058 has been used for (R7/F In 10) instead of the 25 value of 0-0592 to conform with 
the usage of PUNGOR ctal 

It is obvious that neither equation (7) nor equation (8) is equivalent to equation (2) of PUNGorR 
et al, except for the special case of A Y. e.g. for 1,, when equation (8) is exactly correct and does 
reduce to PUNGOR’s equation (after the latter has been corrected for the obvious typographical error 
in the right-hand denominator) 

From equations (1) and (3) and the standard l,-l . Br,-Br and Cl,-Cl potentials,’*’ we may 
calculate A, to be | 10 for ICl and 4 10" for IBr. Using equations (1) through (6) we 
may then compute that in all of the ICI systems of PUNGoR ef al. reaction (6) proceeds to the right 
much more than does reaction (5). Reaction (6) also predominates in most of the IBr systems. 
though the two become comparable at the highest Br concentrations. Data are not available for 
evaluating the relative importance of reactions (5) and (6) for the Br systems 


The n sccurate way of determining va from the potentiometric data ts to plot e.m_f. vs. log (¥~) 
At sufficiently high (Y ) the first terms in the denominators of equations (7) and (8) become negligible, 
ind the plot becomes linear, its slope being a function of m. | have made such plots from the data of 


PuUNGOR ct a/. The resulting # values. calculated by equation (8), appear in Table |. Correction has 


been made for bound Y on the assumption that ” 2. A greater correction would lower the value 
of # determined trom the plot 
When activity corrections are indicated, they have been made us ng the tabulated activity co- 


ethcients of HCI, with the assumption that the salting of 1, from aqueous solution by HCIO, is a 
vood meusure of the change in activity of XY with increasing HC! concentration,"*’ and with the 
further assumption that # = 2 and that therefore the salt effect of HCI on equation (9) is the same 
is that of HCIO, on the reaction I, I . .” Hae 2, exact activity corrections would lower 
the # values obtained from the curves 

The discrepancy between this work and Fauct’s would therefore seem to be largely resolved, 
particularly if we regard the # values for the 1, systems as indicative of the accuracy of the potentio- 
metric work. The expected value of a for |, is, of course, 2-0 

The agreement between experimental and calculated potentials in Tables | to 4 of the paper by 
PUNGOR ef al. is striking. However, | have been utterly unable to reproduce their “calculated” values 
They seem to have neglected the relatively large amount of Y which must be bound into complex 
ions if their values of # are correct, but even aside from this the calculated potentials do not show the 
(Y )and (YY )y.24) dependences which one would calculate from their equation (2), using their n and 
A, values. For example, dE/d log ( ¥ Ytotay Should be 0-029 instead of the values 0-06 to 0-08 shown 


by the “calculated” potentials 


W. M. Latimer, The Oxidation States of the Ele ments. Prentice-Hall, New York (1952) 
L. Katzin and E. J. Amer. Chem. Soc. 77, 5814 (1955), 
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TABLE | 
— 
XY (XY) n 
BrCl 0-05 4-7" 
0-005 4% 
0-05" 30°." 
0-005° 
IC] 0-02 
0-01 
0-02’ 2-3" 
0-01" | ar 
IBr 0-02 2-4 
0.01 2:2 
0-02 14 
* At the lowest Cl~ concentrations the plots curved toward lower values of n. . 


® These plots were corrected for activity changes 
* Relatively severe scatter was observed 


In addition to the interpretive errors in this study, the experimental procedure itself was not 
conducive to the obtaining of accurate results. The concentrations of X, and Y, produced by re- 
actions (5) and (6) were extremely small. Thus quantities of X¥, and Y, which were formed by oxida- 
tion or reduction of the XY by impurities, or which were present due to imperfect stoicheiometry 
could easily become quite important, and the oxidation potentials of the solutions were therefore not 
under adequate control. It would be much more satisfactory to carry out the studies with solutions 
containing comparable concentrations of ¥, and YY. The relative importance of equations (5) and 
(6) would no longer be important since the Y, concentration would be fixed by equation (6), and the 
potential would be unequivocally determined. The minor complications resulting from such com- 
plexes as X¥,¥ could easily be resolved by additional experiments in the X,-X -Y~ system 


Argonne National Laboratory E. H. APPELMAN 
Argonne, Illinois 
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